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gpothilgna Analogs 
Technical Field of the Invention; 

The present invention relates to epothilone A, epothilone 8, epothilone analogs, libraries of 
epothilone analogs, and methods for producing such compounds using solid phase and so- 
lution phase chemistries, their use for the therapy of diseases or for the manufacture of 
pharmaceutical preparations for the treatment of diseases, as well as to novel intermediates 
used in the synthesis of said compounds. 

i 

f 

♦ 

Background of the Invention: 

Epothilone A (1, Figure 1) and epothilone 8 (2, Figure 1) are natural substances isolated 
from mycobacteria Sorangium eellulosum strain 90. These natural substances exhibit cyto- 
toxicity against taxoi-resistant tumor ceils and may prove to have a clinical utility comparable 
or superior to Taxoi. (For Taxoi references see: Horwftz et ai. Nature 277, 685-667 (1979); 
Nicolaou et ai. Angew. Chem. Int Ed. Engl. 33. 15-44 (1994).) Uke taxoi. the epothiiones 
are thought to exert their cytotoxicity by induction of microtubule assembly and stabilization. 
(Boliag et ai. Cancer Res. 55, 2325-2333 (1995); KowaJskJ et ai J. Biol. Chem. 272, 2534- 
2541 (1 997).) Epothiiones are reported to be about 2000-5000 times more potent than 
Taxoi with respect to the stabilization of microtubules. Despite the marked structural diffe- 
rences between the epothiiones and Taxoi™, the epothiiones were found to bind to the 
same region on microtubules and to displace Taxoi™ from its binding sits. (Graver et si. 
Seminars in Oncology 1992, 19. 622-538; Boilag et ai. Cancer Res. 1995. 55. 2325-2333; 
KowaisW et al. J. Bid. Chem. 1997. 272 2534-2541; Horwitz et ai. Nature 1 979, 277. 665- 
667; Nicolaou at al. Angew. Cham. Int Ed Engl 1994. 33. 15-44.) Epothiiones A and 8 
have generated intense interest amongst chemists, biologists and clinicians due to their no- 
vel molecular architecture, important biological action and intriguing mechanism of action. 
(Hofte at at Angew. Cham. Int Ed. Engl. 35, 1567-1569 (1996); Graver et al. Semin. Oncol. ■ 
1 9. 622-838 (1992); Botag at al. Cancer Raa. 55, 2325-2333 (1995); KowaisW at ai. J. Biol. 
Cham. 272. 2834-2841 (1987); Nicolaou at al. Angew. Chem. Int Ed. Engl. 38, 2399-2401 
(1998); Meng at al. J. Org. Cham. 61, 7998-7999 (1996); Bertinato et ai. J. Org. Chem. 61, 
8000-6001 (1 996); Schinzer et al. Chem. Eur. J. 2, 1 477-1 462 (1 998); Mulzer et al. Tetra- 
hedron Lett 37, 9179-9182 (1998); Claua at al. Tetrahedron Lett 38, 1359-1362 (1997); 
Gabriel et al. Tetrahedron Lett 38. 1363-1 368 (1 997); Balog at ai. Angew. Cham. Int Ed. 

* 

Engl. 35. 2801-2803 (1998); Yang at al. Angew. Cham. Int Ed. Engl. 38. 168-168 (1997); 
Nicolaou et al. Angew. Cham. Int Ed. Engl. 38, 528-527 (1997); Schinzer et al. Angew. 
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Chem. Int. Ed. Engl. 38, 523-524 (1997); Meng et aJ. J. Am. Chem. Soc. 119, 2733-2734 

* 

(1997).) 

What is needed are analogs of epothilone A and B and libraries of analogs of epothilone A 
and B that exhibit superior pharmacological properties in the area of microtubule stabilizing 
agents. 

What is needed are methods for producing synthetic epothilone A, epothilone B, analogs of 
epothilone A and B, and libraries of epothilone analogs* including epothilone analogs pos- 

sessing both optimum levels of microtubule stabilizing effects and cytotoxicity. 

Summary of the Invention : 

The invention provides new ways of synthesis for epothilone derivatives with advantageous 
pharmacological properties, especially due to better activities when compared with Taxol or 
(especially with regard to the preferred compunds) comparable or better activities than than 
epothilones A or B, which, without said methods, would have been inaccessible, as well as 
new synthetic methods for the synthesis of epothilone A and epothilone B. 

In detail, the invention is directed to analogs of epothilone. More particularly, the invention 
is directed to compounds represented by the following structure (formula (I)): 




wherein n is 1 to 5, preferably 3 or in a broader aspect of the invention 1. In a preferred 
embodiment either R* is -ORi and is hydrogen, or R* and R** together form a further 
bond so that a double bond is present between the two carbon atoms carrying R* and R*"; 
R 1 is a radical selected from the group consisting of hydrogen (preferred) or methyl, or (In a 
broader aspect of the invention) a protecting group, especially from the group comprising 
rerfbutyldimethylsilyl, trimethytsflyl, acetyl, benzoyl, and tort-butoxyea/bonyl; R 2 is a radical 
selected from the group consisting of hydrogen, methylene and (preferably) methyl; R3 is a 



f 
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radical selected from the group consisting of hydrogen, methylene and (preferably) methyl; 
R 4 is a radical selected from the group consisting of hydrogen (preferred) or methyl, or is a 
protecting group, preferably selected from the group consisting of to/*butyldimethylsilyt, 
trimethylsilyl, acetyl, benzoyl, and fert-butoxycarbonyl; R 5 is a radical selected from the 
group consisting of hydrogen, methyl, -CHO, -COOH, -C0 2 Me, -C0 2 (fert-butyl). -C0 2 («c- 
propyl). -C02(phenyl), -C0 2 (benzyl), •CONH(furfuryl), •C02(Mbenzo-(2R,3S)«3- 
phenylisoserine), -CON(methyl)2. -CON (ethyl)2. -CONH(benzyl), -CH=CH 2 , HC=C- . and 

-CH 2 Ri 1 ; Ri 1 is a radical selected from the group consisting of -OH, -O-Trityl. •0-(C 1 -G 6 
alkyl), -(C^e alkyO. -O-benzyl. -O-aJlyl, -O-COCH3, -O-COCH2CI, -O-COCH2CH3, -O- 
COCF3, -0-COCH(CH3) 2 , -0-CO-C(CH3)3, -0-CO(cyclopropane),-OCO(cyclohexane), -O- 
COCH«CH 2 , -O-CO-Phenyl, -O-(2-furoy0. •0-(AAbenzo-(2R,3S)-3-phenyllsoserine), -O- 
cinnamoyl, -©-(acetyl-phenyl), -0-(2-thlophenesulfbnyl), -S-^-Cg alkyl). -SH, -S-Phenyl, - 
S-Benzyf, -S-furfuryl, -NH 2 , -N 3 . .NHCOCH3. •NHCOCHjCI. •NHCOCH2CH3, -NHCOCF3, 
-NHCOCH(CH3) 2 , -NHCOpCtCWj^, -NHCO(cyclopcopane).-NHCO(cyclohexane), • 
NHCOCH«CH 2 . -NHCO-Phenyl, -NH(2-furoyl), -NH-(AAben20-(2R,3S)-3-phenylisoserine), - 
NH-(cinnamoyl). -NH-(acetyl-phenyl), -NH-(2-thiophenesulfbnyl). -F, -CI, I, -CH 2 C0 2 H and 
methyl; Re is absent methylene, or oxygen; is hydrogen-: R a is a radical selected from 
the group represented by the for-mulas: 



wherein R# is a radical selected from the group consisting of hydrogen and methyl; 0 is a 
radical selected from the group represented by the formulas: 





or 
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and (in a broader aspect of the invention) 



* N 




and 




wherein Rx is acyl, espedaJly lower alkanoyi, such as acetyl; 



R 12 is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably fert-butyldiphenylsilyl, tort-butyldimethylsilyl, trimethytsilyl, acetyl, benzoyl, 
fert-butoxycarbonyl and a group represented by any on of the following formulae 





I 

N 



and 



or fin a broader aspect of the invention) a salt thereof where a salt-forming, group is present 



Preferably, the compound of the formula I has the formula IA 
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or methyl, or (in a b 




OR, 



OA) 



wherein the moieties and symbols have the manings just defined for a compound of the 
formula I. 



In the above structures, "a" can be either absent or a single bond; "b* can be either a single 
or double bond; "c" can be either absent or a single bond; "d° can be either absent or a 
single bond. However, the following provisos pertain: 

1 . If R2 is methylene, then R3 ie methylene; 

2. if R2 and R3 are both methylene, then ■ a ■ is a single bond; 

3. if Rg and R3 are selected from the group consisting of hydrogen and methyl, then 
the single bond 'a* is absent; 

4. if n is 3, R 2 is methyl, R3 is methyl, R5 is selected from the group consisting of 
methyl and hydrogen, Rg is oxygen, R 7 is hydrogen, R 8 is represented by the 
formula: 



then R 1 and R4 cannot both be simultaneously hydrogen or methyl or acetyl; 

5. if R a is oxygen, then V and M' are both a single bond and - b" is a single bond; 

6. if R 6 is absent then V and V are absent and V la a double bond; 

7. if 'b* is a double bond then R$, V, and V are abeert; 




wherein Rt is hydrogen, and Rio is represented by the formula 

s — S 
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Especially preferred is the use of said compounds for the treatment of resistant (especially 
drug resistant) tumours or for the preparation of a pharmaceutical preparation for the 
treatment of drug resistant tumors, or a pharmaceutical preparation for or a method for the 
treatment of a mammal, especially a human, having a proliferative disease that is resistant 
to treatment with other chemotherapeutic agents, especially Taxol, for or by administration 
to a mammal, especially a human, in need of such treatment, and especially the use of the 
protected forms of the compounds for the synthesis of the free compounds. 

* 

Brief Description of Roures: 

Figure 1 illustrates the structure and numbering of epothilone A (1) and B (2). 

Figure 2 illustrates the retrosynthetic analysis of the natural product compound epothilone A 

(1). 

■ 

Figure 3 illustrates the synthesis of 3 building block substrates wherein A) represents the 
synthesis of aldehyde 7 with reagents and conditions as follows: (a) 1 .05 equivalents of 
NaHMOS. 2.0 equivalents of n-CtH»l, 3.0 equivalents HMPA, -78 to 25 °C , 5 hours; (D)1 .1 
equivalents of LiAIH 4 , THF, -78 °C, 15 minutes. 80% (2 steps); (C) 1 .5 equivalents of NMO. 
5 mol % of TPAP, Methylene chloride, 4 A MS. 25 °C. 0.5 hour. 95%. NaHMOS - sodium 
bis(trimetny!sityt)amide; HMPA > hexamethylphosphoramide. NMO • 4-methylmorpholine-AA 
oxide; TPAP ■ tetrapropyi ammonium perruthenate; B) represents the synthesis of alcohols 
18a and 18b. Reagants and conditions: (a) 1 .3 equivalents of TPSCI, 2.0 equivalents of 
imidazole. OMF. 0 to 25 °C. 1.5 hours (90% of 17a. 94% of 17b); (b) 1 .25 equivalents of 
tetravinyttin, 5.0 equivalents of n-BuU. THF, -78 °C. 45 minutes, then 2.5 equivalents of 
CuCN in THF. -78 to -30 *C; than 17a or 17b in THF. -30 °C, 1 hour. 18a (88%). 18b 
(83%) (TPS - SIPhjtBu); Q re p r ese nt s the synthesis of ketoacid 21. Reagents and 

(a) 1.2 equivalents of 19, 1.6 equivalents of NaH. THF. 0 * 25 C. 1 hour. 99%; 
OH:Methylene chloride (1:1). 25 C, 0.5 hour, 99%. 

jstrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
ries. Reagents and conditions: (a) 1.2 equivalents of EDO, 0.1 equivalent of 4- 
thylene chlorida, 0 * 25 °C, 12 hours. 86%; (b) 21. 1 .2 equivalents of IDA -78 
:, THF, 45 minutes; than 1 .6 equivalents of 7 in THF, -78 * -40 °C, 0.5 h. 23 
33%); (c) 0.1 equivalent of RuCty-CHPhKPCy^. methylene chloride, 25 *C, 
8 (85%). 28 (79%); (d) 2.0 equivalents of TBAF, 5.0 equivalents of AcOH. 25 °C. 
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36 houra, 27 (92%), 28 (95%). DCC = dicyclohexylcarbodiimide, 4-DMAP * 4-<jimethytami- 
nopyridine, LOA * lithium diisopropylamide. 

Figure 5 illustrates the synthesis of the epothilone cyclic framework via olefin metathesis: 
the 1 SR series. Reagents and conditions: (a) 1 A equivalents of DCC, 1 .4 equivalents of 4- 
□MAP, toluene, 25 °C V 1 2 hours, 95%; (b) 21 , 1 .2 equivalents of LOA, -78 °C + -40 °C, 
THF, 45 minutes; then 1 .6 equivalents of 7 in THF, -78 «♦ -40 °C I 0.5 hour, 29 (54%), 30 
(24%); (c) 0.1 equivalent of RuClg^HPhHPCy^g. methylene chloride, 25 °C, 1 2 hours, 
31 (80%), 32 (81%). 

Figure 6 illustrates the metathesis approach and epoxidatton in the presence of thiazole: 
synthesis of epothilone analogs 39-44. Metathesis and epoxidation in the presence of 
thiazole: synthesis of epothilone analogs 39-44. Reagents and conditions: (a) 21 , 2.3 
equivalents of LOA, -78 ■» -30 °C, THF. 1 .5 hours: then 1 .8 equivalents of 7 in THF, -78 
■> -40 °C, 1 h (33:34. 2:3); (b) ca 2.0 equivalents of 8, ca 1.2 equivalents of EDC, ea 0.1 
equivalent of 4-DMAP, methylene chloride. 0 ■» 25 °C. 1 2 hours, 38 (29%). 8 (44%) (2 
steps); (c) 0.1 equivalent of RuCUf-CHPhMPCy^, methylene chloride, 25 °C, 1 2 hours, 7 
(86%). 38 (66%); (d) 0.9-1 2 equivalents of mCPBA, CHCI3, -20 * 0 °C, 1 2 hours. 37 •» 
39 (or 40) (40%). 40 (or 39) (25%). 41 (18%); 38 * 42 (or 43) (22%). 43 (or 42) (1 1%). 44 
(7%); (e) excess of CF3COCH3, 3.0 equivalents of NaHC03 . 5.0 equivalents of Oxoneft, 
CH 3 CN/Na2EDTA (2:1), 0 "0, 37 39 (or 40) (45%). 40 (or 39) (28%); 39 - 42 (or 43) 
(60%). 43 (or 42) (15%). mCPBA - mets-chloroperbenzoic add. 

* 

* 

Figure 7 illustrates the coupling of building blocks e-8. Reagents and conditions: (a) 8. 2.3* 
equivaients of LOA, -79 ♦ -30*C. THF, 1 .5 hours: then 1 .6 equivalents of 7 in THF. -78 ■* 
-40'C, 1 hour (48:49, 33); (b) ca 2.0 equivalents of 6. ca 1 .2 equivalents of EDC, ca 0.1 
equivalent of 4-OMAP, methylene chloride. 0 25*C, 1 2 hours, 4 (52%). 47 (31 %) (2 
steps). 



Figure 8 illustrates the epoxidation of epothilone framework: total synthesis of epothilone A 
(1) and analogs 81-87. Epoxidation of epothilone framework: total synthesis of epothilone 
A (1) and analogs 51-87. (a) 0.1 equivalent of RuCI 2 («CHPh)(PCy3)2. methylene chloride. 
. 25*C. 20 hours. 3 (48%), 49 (39%); (b) 20% CF3COOH in methylene chloride. 0 , C. 3 h, 3 
* 49 (90%); 48*50 (92%); (c) 0.8-1 .2 equivalents of mCPBA, CHO3, -20 ♦ 0 *C, 1 2 
h, 49 -» 1 (35%). 51 (13%). 52 (or 83) (9% ). 53 (or 52) (7%), 84 (or 56) (5%). 58 (or 54) 
(5%); 1 -» 54 (or 88) (35%%). 88 for 84) (33%). 57 (8%); (d) 1 .3-2.0 equivalents of ttCPBA 
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CHCI3, -20 «» 0 °C, 12 hours, 1 (15%), 51 (10%), 52 (or 53) (10%.). 53 (or 52) (8%), 54 (or 
55) (8%). 55 (or 54) (7%), 55 (5%), 57 (5%); (e) 1.0 equivalent of dimethyidioxirane. 
CH 2 Cl2/acetone, 0 C, 1 (50%). 51 (15%), 52 (or 53) (5%). 53 (or 52) (5%); (f) excess of 
CF3COCH3, 8.0 equivalents of NaHC03 , 5.0 equivalents of Oxone®, CH 3 CN/Na 2 EDTA 
(2:1). 0C, 1 (62%), 51 (13%). 

Figure 9 illustrates the synthesis of epothilones 58-60. Reagents and conditions: (a) 0.9-1 .3 
equivalents of mCPBA, CHCI3, -20 to 0 °C. 12 hours, 58 (or 59) (5%), 59 (or 58) (5%), 60 
(60%); (b) 1 .0 equivalent of dimethyidioxirane. methylene chloride/acetone, 0 *C, 58 (or 59) 
(1 0%), 59 (or 58) (10%), 60 (40%); (c) excess of CF3COCH3, 8.0 equivalents of NaHC0 3 . 
5.0 equivalents of Oxone®, MeCN/Na 2 EDTA (2:1). 0 C. 58 (or 59) (45%). 59 (or 58) (35%). 

■ ■ 

Figure 10 illustrates the synthesis of epothilones 64-69. (a) 20% CF3COOH in methylene 
chloride, 0 °C, 3 h, 90%; (b) 0.1 equivalent of RuCI 2 (=CHPh)(PCy3) 2 , methylene chloride, 
25 'C. 20 h, 62 (20%), 63 (69%); (c). 0.8-1 .2 equivalents of mCPBA, CHCl 3 . -20 -» '0 C. 12 
hours. 62 ■> 64 (or 65) (25%). 65 (or 64) (23%); 63 ■* 67 (or 88) (24%), 66 (or 67) (19%). 
69 (31%); (d) excess of CF3COCH3, 8.0 equivalents of NaHC0 3 , 5.0 equivalents of 
Oxone®. CH 3 CN/Na 2 EOTA (2:1). 0 C, 62 * 64 (or 68) (58%), 68 (or 64) (29%); 63 67 
(or 68) (44%), 68 (or 67) (21%). 

Figure 1 1 illustrates the molecular structures and retrosynthetic analysis of epothilones A (1) 
and B (2) using the macrolactonization approach. 

Figure 1 2 illustrates the synthesis of 2 building block substrates wherein A) represents the 
synthesis of keto acid 78. Reagents and conditions: (a) 1.2 equivalents of (♦)-lpc 2 B(allyl), 
Et 2 0. -100*0, 0.5 hour. 74% (ee >98% by Meaner ester analysis); (b) 1 .1 equivalents 
TBSOTf. 1 .2 equivalents of 2,6-lutidine, methylene chloride. 25*C. 98% ; (c) O3, methylene 
chloride. -78'C. 0.5 hour then 1.2 equivalents Pr^P. -78 25'C, 1 hour, 90%; (d) 3.0 
equivalents of NaCJC^, 4.0 equivaients of 2-methyl-2-butene. 1 .5 equivalents of NaH 2 P0 4 , 
SuOH:H 2 0 (5:1). 25'C, 2 hours. 93%; B) represents the synthesis of phosphonium salt 79 
and aldehyde 82. Reagents and conditions: (a) 1.6 equivalents of DIBAL. methylene chlo- 
ride. -78*C. 2 hours. 90%; (b) Ph 3 P«C(CH3)CHO, benzene, reflux, 98%; (c) 1.5 equivalents 
of (♦)-lpc2B(allyl). Et 2 0, -lOVC, 0.8 hour, 96% (ee >97% by Mosher ester analysis); (d) 
1 .2 equivalents TBSCI. 1 .5 equivalents of imidazole, DMF, 0 25*C, 2 hours, 99%; (a) i. 
1 .0 mol % Os0 4 , 1.1 equivalents of 4-metriylmorphoiine A^oxide (NMO). THF:SuOH:H20 
(1 : 1 : 0.1). 0 * 25 # C. 12 hours. 95%; ii. 1.3 equivalents of Pb(OAc) 4 , EtOAc, 0 # C, 0.5 h, 
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98%; (f) 2.5 equivalents of NaBH 4 , MeOH, 0°C, 15 minutes. 96%; (g) 1.5 equivalents of l 2 , 
3.0 equivalents of imidazole, 1 .5 equivalents of Ph 3 P, Et 2 0:MeCN (3:1), 0°C, 0.S hour, 
89%; g. 1 .1 equivalents Ph 3 P, neat, lOCTC, 2 hours, 98%. 

Figure 13 illustrates the synthesis of aldehyde 77 and ketone 78. Reagents and conditions: 
(a) 1 .1 equivalents of LOA, THF, 0°C, 8 hours; then 1 .5 equivalents of 4-iodo-i -benzyloxy- 
butane in THF, at •100 * 0 6 C, 6 h, 92% (de >98% by 1 H NMR); (b) 0 3 , methylene chloride, 
•78*C, 77% or Mel, 60*C, 5 hours; then 3 N sq HCI, n-pentane, 25*C, 1 hour, 88%; (c) 3.0 
equivalents of NaBH^ MeOH, 0*C, 15 minutes, 98%; (d) 1.5 equivalents of TBSCI, 2.0 
equivalents of Et 3 N, methylene chloride, 0 •» 2S*C, 12 hours, 95%; (e) H 2 , Pd(OH) 2 cat, 
THF, 50 psi, 25*C, 15 minutes, 95%; (f) 2.0 equivalents of (COO) 2 . 4.0 equivalents of 
DMSO, 8.0 equivalents of Et 3 N, methylene chloride, *78 <♦ 0*C, 1 .5 hours, 98%; (g) 1 .5 
equivalents of MeMgBr, THF, 0*C 15 minutes, 84%; (h) 1.5 equivalents of NMO, 0.05 
equivalent of tetra-fpropylammonium perruthenate (TPAP), 4A MS, Methylene chloride, 
25*C, 45 min, 98%. 

Figure 14 illustrates the total synthesis of epothilone A (1) and its 6S,7frdiastereoisomeni 
(111 and 112). Reagents and conditions: (a) 1 .2 equivalents of 79, 1 .2 equivalents of 
NaHMOS, THF, 0*C, 15 minutes, then add 1 .0 equivalent of aldehyde 77, 0*C, 15 min, 77% 
(Z.fca.9: 1); (b) 1 .0 equivalent of CSA porttonwiae over 1 hour, methylene chlori- 
de:MeOH (1 : 1), 0 * 2S*C, 0.5 hour. 86%; (c) 2.0 equivalents of SOj-pyr., 10.0 equiva- 
lents of DMSO, 5.0 equivalents of Et 3 N. methylene chloride, 25'C, 0.5 hour, 94%; (d) 3.0 
equivalents of LOA, THF, 0*C, 1 5 minutes; then 1 .2 equivalents of 78 in THF, -78 + -40*0, 
0.5 hour; then 1.0 equivalent of 74 in THF at -78*0, high yield of 103a and its 6S.7fWiaste- 
reoisomer 103b (ca, 1 : 1 ratio); (e) 3.0 equivalents of TBSOTf, 5.0 equivalents of 2,6-lutk*. 
ne. Methylene chloride, 0*C, 2 hours; (f) fcO equivalents of K 2 C0 3 , MeOH. 25 # C. 1 5 min, 
31 % of 108 and 30% of 6S,7^diaatereoisomef 108 from 74; (g) 6.0 equivalents of TBAF, 
THF, 2S*C, 8 hours. 78%; (h) same as g, 82%; (i) 5.0 equivalents of 2,4,6-trichloroben2oyl- 
chloride, 6.0 equivalents of Et 3 N. THF. 25'C. 15 minutes; then add to a solution of 10.0 
equivalents of 4-DMAP in toluene (0.002 M based on 72). 25'C, 0.5 hour, 90%; (j) same as 
/, 85%; (k) 20% CF3COOH (by volume) in methylene chloride, 0*C, 1 hour, 92%; (I) same 
as k, 95%; (m) metr»yl(trif!uorometrivOdio^ MeCN, 0 # C. 75% (ca 5:1 ratio of diastereo- 
isomers); (n) same as m, 87% (111 : 112 ca 2 : 1 ratio of diastereoisomers, tentative stereo- 
chemistry). 
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Figure 1 5 illustrates the synthesis of compound 101. Reagents and conditions: (a) 1 .5 equi- 
valents of I2. 3.0 equivalents of imidazole, 1 .5 equivalents of Ph 3 P, Et20:MeCN (3 : 1), 
0°C, 0.5 hour, 91%; (b) 1.1 equivalents Ph 3 P, neat, 100*C, 2 hours, 91%; (c) 1.2 equiva- 
lents of 1 1 4, 1 .2 equivalents of NaHMDS, THF, 0°C, 1 5 minutes; then add 1 .0 equivalent of 
aldehyde 82, 0 e C, 1 5 minutes, 69% (Z: E ca 9 : 1). 

Figure 1 6 illustrates the total synthesis of epothtlone B (2) and analogs. Reagents and con- 
ditions: (a) 1 .5 equivalents of 79, 1 .5 equivalents of NaHMDS, THF, 0°C, 1 5 minutes, then 
add 1 .0 equivalent of ketone 78, -20 e C, 1 2 hours, 73% (Z ; E ca 1 : 1 ); (b) 1 .0 equivalent of 
CSA portionwise over 1 hour, methylene chloride:MeOH (1 : 1 ), 0°C; then 25°C, 0.5 hour, 

■ 

97%; (c) 2.0 equivalents of SC^.pyr., 10.0 equivalents of DMSO, 5.0 equivalents of Et3N, 
methylene chloride, 2S°C, 0.5 hour, 95%; (d) 3.0 equivalents of LDA, THF, 0°C, 15 minutes; 
then 1 .2 equivalents of 76 in THF, -78 ■* *40*C, 0.5 hour, then 1 .0 equivalent of 75' in THF 
at -78°C. high yield of 1 17a* and its 6S.7fl-diastereoisomer 1 17b' (ca 1 : 1 ratio); (e) 3.0 
equivalents of TBSOTf, 5.0 equivalents of 2,6-iutidine, methylene chloride, 0*C, 2 hours; (f) 
2.0 equivalents of K2CO3, MeOH. 25*C, 1 5 minutes, 31% of 119' and 30% of 6S.7R4ia- 
stereoisomer 120' from 75'; (g) 6.0 equivalents of TBAF, THF, 25'C, 8 hours, 75%; (h) 1 .3 
equivalents of 2,4,6-trichloroberaoytahloride, 2.2 equivalents of Et 3 N, THF, 0*C, 1 hour 
then add to a solution of 10.0 equivalents of 4-DMAP in toluene (0.002 M based on 730. 
25°C, 12 hours, 37% of 121; and 40% of 122; (i) 20% CF3COOH (by volume) in methylene 
chloride, -10 ■» 0*C, 1 hour, 91%; Q) same as i, 89%; (k) dimethyldloxirane, methylene 
chloride, -50*C, 75% (2 : 124 ca 5 : 1 ratio of diasterooisomers) or 1 .5 equivalents of 
mCPBA. benzene. 3*C, 2 hours. 66% (2 : 124 ca 5 : 1 ratio of diastereoisomers) or me- 
thyl (trifluoromethyl)dio)drant, MeCN. O'C, 85% (2 : 124 ca 5 : 1 ratio of diastereoisomers); 
(I) 1 .5 equivalents mCPBA, benzene. 3*C. 2 hours, 73% (128 : 126 ca 4 : 1 ratio of stereo- 
isomers) or metiiyl(trtfluoroniethyl)diOJdra^ MeCN. 0*C. 86% (128 ; 126 ca 1 : 1 ratio of 
diastereoisomers). 

Figure 1 7 illustrates the stereoselective synthesis of aldehyde 75 for epothilone B (2). Re- 
agents and conditions: (a) 1.5 equivalents of 83, benzene, reflux, 5 hours, 95%; (b) 3.0 
equivalents of DIBAL, methylene chloride, -78*0. 2 hours, 98%; (c) 2.0 equivslents of 
Ph 3 P, CCI4. reflux, 24 hours. 83%; (d) 2.0 equivalents of UEt 3 BH. THF. O'C, 1 hour, 99%; 
(e) 1 .2 equivalents of 9-BBN, THF, 0 # C, 2 hours, 91%; (f) 1 .5 equivalents of l 2 . 3.0 equi- 
valents of imidazole. 1 .5 equivalents of Pt^P, Et 2 0:MeCN (3:1). 0*C, 0.5 hour, 92%; (g) 
1 .5 equivalents of 60, 1 .5 equivalents of LDA, THF, O'C. 8 hours; then 1 .0 equivalent of 81 
in THF. -100 * -20'C. 10 hours, 70%; (h) 2.5 equivalents of monoperoxyphthalic acid. 
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magnesium salt (MMPP), MeOH:phosphate buffer pH7 (1:1), o°C, 1 hour , 80%; (i) 2.0 
equivalents DIBAL, toluene, *78°C, 1 hour, 82%. 

Figure 18 illustrates the first stereoselective total synthesis of epothilone 3 (2). Reagents 
and conditions: (a) 3.0 equivalents of LDA. THP, 0*C, 1 5 minutes; then 1 .2 equivalents of 
76 in THP, -78 + -40*C. 0.5 hour, then 1 .0 equivalent of 75 in THP at -78'C, high yield of 
1 17a and 8S,7fl-dlastereoisomer 1 17b (ca 1 .3 : 1 .0 ratio of diastereoisomers); (b) 3.0 equi- 
valents of TBSOTf, 5.0 equivalents of 2,6-lutidine, methylene chloride, 0*C, 2 hours; (c). 2.0 
equivalents of K 2 C0 3 , MeOH, 25*C, 1 5 minutes, 32% of 1 19 and 28% of 6S.7ft-diastereo- 
isomer 119 from 75; (d) 6.0 equivalents of TBAP, THP, 25*C, 8 hours, 73%; (e) same as d, 
71%; (f) 5.0 equivalents of 2,4,6-trichlorobenzoylchloride r 6.0 equivalents of Et 3 N, THP, 
25°C, 15 minutes, then add to a solution of 10.0 equivalents of of 4-DMAP in toluene (0.002 
M based on 73). 25*C, 1 2 hours. 77%; (g) same as f, 76%; (h) 20% CP3COOH (by volume) 
in methylene Chloride. 0*C. 1 hour. 91%; (I) see Figure 16. 

Figure 1 9 illustrates the second stereoselective synthesis of epothilone B (2). Reagents 
and conditions: (a) 1 .2 equivalents of LDA, THP, 0*C, 1 5 minutes; then 1 .2 equivalents of 
136 in THF, -78 -40*C, 1 hour; then 1 .0 equivalent of 75 in THF at -78*0, 85% of 137 
and 6S.7ft-diastereoisomer 138 (ce3 : 1 ratio); (b) 1.2 equivalents of TBSOTf, 2.0 equi- 
valents of 2,6-lutidine, methylene chloride. 0*C. 2 hours. 96%; (c) 1.0 equivalent of CSA 
portiomvise over 1 hour, methylene chloride: MeOH (1 : 1). 0 25*C. 0.5 hour. 85%; (c) 2.0 
equivalents of (000)2* 4 0 •QuiveJents of OMSO, 6.0 equivalents of Et 3 N, methylene 
chloride. -78 «* 0*C, 1.5 hours, 95%; (d) 3.0 equivalents of NaCIO^ 4.0 equivalents of 2- 
rnethyl-2-butene, 1 .5 equivalents of NaHaPO* fiuOH:H 2 0 (5:1), 25 *C, 2 hours. 90%. 

Rgure 20 illustrates the retrosynthetic analysis of epothilone A (1) by a solid phase olefin 
metathesis strategy wherein TBS « frBuMe^i; filled circle * polystyrene. 

Figure 21 illustrates the sold phase synthesis of epothilone a wherein: (a) 1 ,4-butanedid 
(5.0 eq.), NaH (5.0 eq.), rvBu 4 NI (0.1 eq.). OMP. 25 C, 12 hourr, (b) PH3P (4.0 eq.). I 2 
(4.0 eq.). imidazole (4.0 eq.), methylene chloride. 25 C. 3 hours; (c) PD3P (10 eq.), 90 C. 
12 hours (>90 % for 3 steps based on mass gain of polymer); (d) NaHMOS (3.0 eq.), 
• THRDMSO (1:1), 25 C, 12 hours; (e) 149 (2.0 eq.). THP. 0 C, 3 hours (>70% based on 
aldehyde recovered from ozonolysis); (f) 10% HF^pyridine in THF. 25 C, l2hours; (g) 
(COa)2(4.0eq.).0MSO(8.0eq.),Et 3 N(12.5eq.),-78 25»C(ea, 95% tor 2 steps)* (h) 
144 (2.0 eq.). LDA (2.2 eq). THF, -78 -40 C, 1 hour, then add resulting enotate to the resi 
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suspended in a ZnCl2 (2.0 eq.) solution in THF. -78 * -40 °C. 2.0 hours (ca. 90%)*; 0) 143 
(5.0 eq.), DCC (5.0 eq), 4-DMAP (5.0 eq.). 25 C, 15h (80% yield as determined by recove- 
red heterocycle fragments obtained by treatment with NaOMe); Q) 153 (0.75 eq.), methyle- 
ne chloride, 25 C, 48 hours (52%; 154:155:158:141 > ca. 3:3:1:3); (k) 20% TFA in methy- 
lene chloride (v/v), 92% for 157 and 90% for 158; (I) 160 [methyl(trifluoromethyl)dioxirane], 
MeCN, 0 °C, 2 hours (70 % for 1, 45 % for 159; in addition to these products, the corres- 
ponding a-epoxides were also obtained). NaHMDS = sodium bis(trimethy1silyf)amide; 
DMSO = dimethyl sulfoxide; LDA ■ lithium diisopropylamide; TBS « ^BuMegSi; 4-DMAP * 
4-dimsthytaminopyrtdine. * Estimated yield. The reaction was monitored by infrared (IR) 
analysis of polymer-8bund material and by TLC analysis of the products obtained by 
ozonoiysis. 

Figure 22 illustrates activity of epothitones on tubulin assembly. Reaction mixtures contai- 
ned purified tubulin at 1 .0 mg/ml, 0.4 M monosodium glutamate, 5% dimethyl sulfoxide, and 
varying drug concentrations. Each compound was evaluated in three drffrerent experiments 
and average values are shown. Samples were incubated, centrifuged, and processed at 
room temperature (dark circle * 71, EC50 * 3.3 1 0.2 11M; dark triangle * 2. EC50 * 4.0 1 
0.1 \M; open circle = 1, EC50 ■ 14 * 0.4 uM; open square = taxol, EC50 » 15. 1 2 nM; open 
triangle = 123, EC 50 » 22 1 0.9 \M; dark square ■ 158, EC50 » 25 1 1 \M; open upside 
down triangle « 123. EC50 * 39 1 2 mM. The EC50 is defined as the drug concentration that 
causes 50% of the tubulin to assemble into polymer. In the absence of drug, less than 5% 
of the tubulin was removed by centrifugation, while with high concentrations of the most 
active drugs, over 95% of the protein formed polymer. This suggests that at least 90% of 
the tubulin had the potential to interact with epothitones and taxoids. Although the EC50 
value obtained for Taxol was higher than that obtained in an alternate assay as described in 
Hofle et a). Aogew. ChtnlnL Ed. Engl 35, 1587.1569 (1996), the agent's role in these 
experiments was only as a control. 

Figure 23 provides a table of results from cytotoxicity experiments with 1 A9, 1 A9PTX10 (B- 
tubulin mutant), 1A9PTX22 (B- tubulin mutant) and A2780AO cell lines showing relative acti- 
vities of epothitones A (1) and B (2) as compared with synthetic analogues 71, 1 Si, 123 and 
1 26 as inducers of tubulin assembly and inhibitors of human ovarian carcinoma ceM growth, 
(a) See Figure 22; (b) The growth of all cells lines was evaluated by quantitation of the pro- 
tein in microliter plates. The parental cell line 1 AS, a done of the A2760 cell line, was used 
to select two TaxoM-esistant sublines (1 A9PTX10 and 1 A9PTX22). These sublines were 
selected by growth in the presence of Taxol and verapamil, a P-grycoprotein modulator. 
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Two distinct point mutations in the B-tubulin isotypa M40 gena ware idantified. In 1 A9PTX1 0 
amino acid residua 270 was changed from Pha (TTT) to VaJ (GTT), and in 1A9PTX22 resi- 
due 364 was changed from Ala (QCA) to Thr (ACA). The A2780AD line is a multidrug resis- 
tant (MDR) line expressing high levels of P-glycoprotein. Relative resistance refers to the 
ratio of the IC50 value obtained with a resistant cell line to that obtained with the parental 
cell line. 

Figure 24 illustrates the structure and numbering of epothilone A (1) and epoxaione A (2). 

Figure 25 illustrates the coupling of building blocks and construction of precursors 164 and 
16S. Reagents and conditions: (a) 2.4 equivalents of LDA, -40 *C, THF, 1 5 hours, then 7 
in THF, -40 °C, 0.5 noun 94% (48:46 cm 5:3); (b) 1 .2 equivalents of (+)-lpc2B(allyl). E^O, - 
100 *C, 0.5 hour. 91%; (c) 2.0 equivalents of 163, 1.5 equivalents of DCC, 1.5 equivalents 
of 4-OMAP, toluene, 25 *C, 12 hours, 49% (184) plus 33% (166) for two steps. TBS » fa* 
butyldimethyJsilyl; ipc^BtallyO 3 diisopinocampheytaJlyt borane; LDA « lithium diisopropyf> 
amide; DCC » dicydohexyicarbodiimide; 4-DMAP ■■ 4-dimetiiyla/ninopyridine. 

Figure 26 illustrates the olefin metathesis of precursor 164 and synthesis of epoxalones 
161, 171, 170 and 172. Reagents and conditions: (a) 20 mol % of RuCI 2 («CHPh)(PCy3) 2 
cat. CH 2 CI 2 , 25 *C. 20 hours. 40% (166) plus 29% (167); (b) 20% TFA in CH 2 Ct 2 , 25 °C. 2 
h, 89% (168). 95% (169); (c) CH 3 CN/Na 2 EDTA (2:1). 10.0 equivalents of CF3COCH3, 8.0 
equivalents of NaHCC^, 3 0 «QU«v«Jefits of Oxone®, 0 C, 34% (161) plus 15% (170), 25% 
(171) plus 20% (172). TFA ■ trifluoroacetic add. The tentative stereochemical assignments 
of epoxides 161, 171, 188, 188, 170 and 172 were based on the higher potendes at 161 
and 171 in the tubulin polymerization assay as compared to those of 170 and 172 respec- 
tively (see Figure 28% 

Figure 27 illustrates the olefin metathesis of C8-7 diastereomeric precursor 1 68 and syn- 
thesis of epoxaJonea 178-180. Reagents and conditions, (a) 20 mol % of 

RuC1 2 (-CHPh)(PCy3)2 cat. CH2CI2, 25 C. 20 hours. 25% (173) plus 63% (174); (b) 20% 
TFA in CH^fc. 25 C, 2 hours. 75% (175), 72% (178); (c) CHjCN/N^EDTA (2:1). 10.0 
equivalents of CF3COCH3, 8.0 equivalents of NaHCOs , 3.0 equivalents of Oxone®, 0 *C, 
38% (177) piua 17% (178), 22% (179) plus 13% (180). 

Figure 28 illustrates the effect of epoxalones, epothitones and Taxol on tubulin polymeriza- 
tion. The RRrattorvCotorimetric Assay was used tor epothitones A and B except for the 
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30 °C incubation temperature (instead of 37 C) and the pure tubulin (instead of microtubule 
protein). After initial screening of ail epoxalones (161, 168, 169, 170, 171, 172, 175, 176, 
177, 178, 179, and 180) at 20 mM concentrations, the most potent ones (161, 168, 169, 
171 and 172) were tested together with epothilones A (1) and B and Taxol at 01 , 1 .0, 2.0, 
3.0. 4.0 and 5.0 mM. B = epothilone B; T = Taxol. 

Figure 29 illustrates the synthesis cf epothilone analogs 192, 193, 194 and 195. 

Figure 30 illustrates the synthesis of epothilone analogs 199, 200, 201, 202, 203, 204, 205, 

206, 207, 208, 209, and 210. 

Figure 31 illustrates the synthesis of phosphonium analog 220. 

Figure 32 illustrates the synthesis of epothilone advanced intermediate macrolides 229 and 
230. 

Figure 33 illustrates the synthesis of epothilone analogs 233, 234, 238, and 236. 

Figure 34 illustrates the synthesis of advanced intermediate nitrile 244. 

Figure 35 illustrates the synthesis of epothilone analog 249. 

Figure 36 illustrates the synthesis of epothilone analog 229. 

Figure 37 illustrates the synthesis of advanced intermediate aldehyde 287. 

» 

Figure 38 illustrates the synthesis of epothilone analog 283. 
Figure 39 illustrates the synthesis of epothilone analog 288. 

e 

Figurs 40 illustrates ths retrosynthetic analysis of 4,4-ethano epothilone A analog 287. 

Figure 41 illustrates ths synthesis of ketoacid 272. Rsagents and conditions: (a) 1 .3 equiv 
of BrCHaCHaBr, 3.0 equiv of K,CO* DMF. 25 C, 15 h. 60%; (b) 2.0 equiv of UAIH* EtA - 
20 to °0 C, 2.5 h, 93%; (o) 4.0 equiv of OMSO. 3.0 equiv of (COO)2, 8.0 equiv of EfcN. 
CHaCI,, -78 to °0 C, 84%; (d) 1 .1 equiv of (♦Hpc2B(allyl). Etrf). -100 °C; (•) 3.8 equiv of 
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TBSOTf, 4.6 equiv of 2,6-lutidine, CHjCl a , -78 °C; (f) 4.1 equjv of NalO* 0.05 equiv of 
RuCIj'HjO. MeCN:H 2 0:CCl« (2:3:2), 25 C, 43% for 3 steps. OMSO = dimethyl sulfoxide: 
TBS * tert-butyldimethylsilyl; (+)-lpc2B(allyl) = diisopinocampheylallyl borane. 

Hgure 42 illustrates the coupling of building blocks and construction of advanced intermedi- 
ates 269 and 278. Reagents and conditions: (a) 2.4 equiv of IDA, -30 °C, THF, 2 h, then 
7 in THF. -30 °C. 0.5 h, (29:36 ca. 2:3); (c) 2.5 equiv of 30, 1.2 equiv of EDC, 0.1 equiv of 
4-DMAP,CHtCla, 0^25 °C, 2 h, 1 5% (269) plus 36% (278) for two steps. TBS = tert-butyi- 
dimethyisilyl; IDA * lithium diisopropylamide: EDC ■ 1 -Ethyl-(3-dimethylaminopropyl)-3-car- 
bodiimide hydrochloride; 4-OMAP ■ 4-dimethyiaminopyridine. 

« 

Figure 43 illustrates an olefin, metathesis of diene 269 and synthesis of 4,4-ethano epothi- 
lone A analogs and 282-284. Reagents and conditions: (a) 1 0 moi % of 
Rud»(«CHPh)(PCy^t, CHjdi. 25 C, 2 h. 37% (268) plus 35% (279); (b) 25% HF»Py in 
THF, 0 to 25 °C, 28 h, 65% (280), 62% (281); (c) CH^CH^N.NatEOTA (1:2:1.5), 50 
equiv of CFjCOCH* 1 1 equiv of NaHCO* 7.0 equiv of Oxone*. 0 °C, 50% (267 or 282) 
plus 29% (282 or 267); 1 1% (283 or 284) plus 31% (284 or 283). 

Figure 44 illustrates the olefin metathesis of C6-C7 diastoreomeric diene 278 and synthesis 
of 4,4-ethano epothitone A analogs 289-292. Reagents and conditions: (a) 9 mot % of 
RuCW«CHPh)(PCy,) fc CHtOt, 25 C, 1 h, 18% (285) plus 58% (286); (b) 25% HF»Py in 
THF, 0 to 25 °C, 22 h, 54% (287) % 76% (288); (c) CH^fcCHjCMNaaEDTA (4:4:1), 50 equiv 
of CFjCOCH* 16 equiv of NaHCO* 10 equiv of Oxone*. 0 °C, 39% (289 or 290) plus 35% 
(290 or 289); 22% (291 or 292) plus 27% (292 or 291). 

* 

Rgure 45 illustrates the molecular structure and retrosynthetic analysis of the 4,4-ethano 
analog of epothitone B (287). R1 « TBS « SISuMe 2 . 

Rgure 46 illustrates the synthesis of ketone 284. Reagents and conditions: (a) 0 3 . CH 2 Ci 2 . 
•78 «C, 0.5 h; then 1 .2 equiv. Pn,P. -78 * 25 -C, 1 h. 90%; (b) 1 .1 equiv. of UAI(OtBu),H, 
THF. -78 •» 0 # C. 1 5 frtn; (c) 2.0 equiv. of TBSCI. 3.0 equiv. of EtjN, 0.02 equiv. of 4- 
DMAP, CHjC1», 0 ♦ 25 *C, 12 h, 83% tor 2 steps. 

Rgure 47 illustrates the total synthesis of 4,4-ethano analogs of epothitone B- Reagents 
and conditions: (a) 1 .5 equiv. of LDA, THF. 0 *C. 1 5 min; then 1 .4 equiv. of 294 in THF. -78 
* -60 e C, 1 h; then 1 .0 equiv. of 78 In THF at -78 'C. 24% of 297 and 47% of its 6S,7*dia 
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stereoisomer 298 (ca 1 : 2 ratio); (b) 1.2 equiv. of TBSOTf. 2.0 equiv. of 2,6-lutidine, CHjOj, 
0 °C, 2 h, 92%; (c) 1 .0 equiv. of CSA portionwise, CH2CI2;MeOH (1 : 1), 0 25 'C, 0.5 h, 
74%; (d) same as o, 89%; (e) same as c, 60%; (f) 2.0 equiv. of (COCO2, 4.0 equiv. of 
DMSO, 6.0 equiv. of EUN, CH2CI2. -78 «*• 0 *C, 1.0 h, 96%; (g) same as /. 69%; (h) 6.0 
equiv. of NaCI0 2 , 10.0 equiv. of 2-methyl-2-butene, 3.0 equiv. of NaH a PO* SuOHiHjO 
(5:1), 25 8 C. 0.5 h, 91%; (i) 6.0 equiv. of TBAF, THF, 25 9 C, 8 h, 62%; © same as h, 99%; 
(k) same as /, 50%; (I) 1.1 equiv. of 2.4,6-trichlorobenzoylchloride. 2.2 equiv. of Et»N, THF, 0 
°C, 1 h; then add to a solution of 2.0 equiv. of 4-DMAP in toluene (0.002 M based on 293), 
25 °C, 3 h. 70%; (m) same as A 72%; (n) 20% HF«pyr (by volume) in THF, 0 ■» 25 6 C, 24 h, 
92%; (o) same as n, 90%; (p) methyl(trifluoromethyOdioxirane, MeCN, 0 °C, 86% (267 : 311 
ca 8 : 1 ratio of diastereoisomers); (q) same as p, 89% (312 : 313 ca 2 : 1 ratio of diastereo- 
isomers). 

Figure 48 illustrates ORTEP view of compound 309. 

V 

Figure 49 illustrates the synthesis of key aldehydes 320, 321, 323 and 329. 

Figure 50 illustrates the solid phase strategy for the synthesis of epothifone analogs with 
key intermediates 330, 331 and 332 and employing the metathesis approach. 

Figure 51 illustrates the retrosynthetic analysis and strategy for the total synthesis of epothi- 
fone E and side chain epothifone analogs. Aro * aromatic moiety. 

Figure 52 illustrates the synthesis of epothifone analogs via the StHle coupling reaction. 

■ 

Figure 53 illustrates the synthesis of recommended stannanes for the synthesis of epothi- 
lone analogs via the Stifle coupling reaction. 

Figure 54 shows a table of achieved compounds using the noted stannanes. Compound 
356 and 357 are stereoisomers of each other wherein 358 is the cis olefin and 357 repre- 
sents the trans olefin analog with indicated yield. 

Figure 55 shows a table of achieved compounds using the noted stannanes. Compound 
358 and 387 are stereoisomers of each other wherein 356 is the cis olefin and 387 repre- 

sents the trans olefin analog with indicated yield. 
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Figure 56 illustrates the synthesis of epothilone E. Reagents and conditions: (a) 33 equiv 
of H 2 O a , 60 equiv of CH,CN, 9.0 equiv of KHC0 3 . MeOH, 25 C, 4 h, 65% (based on 50% ' 
conversion). 

Figure 57 illustrates the synthesis of 26-hydroxycompounds. Reagents and conditions: (a) 
1 .3 equiv. of ACaO, 1.0 equiv. of 4-DMAP, EtOAc, 0 'C. 0.5 h, 95%; then 25% HF«pyr. (by 
volume) in THF, 0 * 25 , C, 24 h. 92%; (b) 3.0 equiv. of pivalcyl chloride, 4.0 equiv. of EtjN, 
0.05 equiv. of 4-DMAP, CHaCfe, 0 a C, 0.5 h, 93%; then desilylation as in (a), 90%; (c) 3.0 
equiv. of benzoyl chloride, 4.0 equiv. of EtjN. 0.05 equiv. of 4-OMAP, CHjCIa, 0 a C, 0.5 h, 
85%; then desilylation as in (a), 90%; (d) 5.0 equiv. of MnO a . EtjO, 25 *C, 3 h, 65%; (e) 5.0 
equiv. of NaCIOj, 70 equiv. of 2-methyl-2-butene, 2.5 equiv. of NaHaPO* SuOH.HaO (5:1), 
0 °C, 0.5 h, 98%; (f) CH2N2, Et20, 0 # C. 80%; (g) 4.0 equiv. of Ph3P, CCW, 75 9 C, 24 h, 
85%; then desilylation as in (a), 86%; (h) 1.1 equiv. of NaH, 20 equiv. of Mel. OMP, 0 *C, 1 
h. 65%; then desilylation as in (a). 89%; (i) 1.1 equiv. of NaH, 20 equiv. of BnBf, OMR 0 4 
25 °C. 1 h, 40%; then desilylation as in (a). 87%; © 1 .1 equiv. of OAST. CHjOj, -78 ■» 25 
e C, 1 h. 60%; then desilylation as in (a), 85%; (k) 5.0 equiv. of MnO,. EttO. 25 *C. 3 h. 
90%; then 2.0 equiv. of PhsP^CHsBr-, 2.0 equiv. of UHMDS. THF. 0 *C 85%; then desiry= 
lation as in (a). 85%; (a 1 ) 1 .1 equiv. of Ac*0, 1 .0 equiv. of 4-OMAP, EtOAc. 0 *C, 0.5 h. 
90%; (b') 3.0 equiv. of pivaloyi chloride, 4.0 equiv. of EfeN, 0.05 equiv. of 4-OMAP. CHjCIs, 
0 °C. 0.5 h. 90%; (c*) 1 .2 equiv. of benzoyl chloride, 4.0 equiv. of EfeN, 0.05 equiv. of 4- 
DMAP. CH^It. 0 a C. 0.5 h, 75%; (d*) 1 .5 equiv. of TEMPO (0.008 M solution in CHjOt), 1 .0 
equiv. of NaOa (0.03S M solution in 5% aqueous NaHCOa). 0.1 equiv of KBr (0.2 M aque- 
ous solution), CHjCtt, 0 *C, 0.5 h, 75%; (a 1 ) 5.0 equiv. of Nad0 2 . 70 equiv. of 2-methyl-2- 
butene. 2.5 equiv. of W^PO*. fiuOH:H20 (5:1). 0 *C. 0.5 h. 99%; (f) CHjNt. EtjO: EtOAc 
(1 : 2), 0 *C, 2 h, 90%; (fl 4.0 equiv. of Ph,P, CH,CN:CCU (1 : 3), 25 'C, 1 h, 85%; (IV) 1 .1 
equiv. of NaH. 20 equiv. of Mel, DMF, 50%; (0 1 .3 equfv. of TsCI, 2 equiv. of triethylamine, 
0.1 equiv. of OMAP, methylene chloride. 0 C. 1 h 85%. then 3 equiv. of Nal, CH 3 C(0)CH 3 , 
25 C, 10H, 88% of 1000T; (D 1.1 equiv. of OAST, methylene chloride, -78 to 25 # Clh. 65% 
of 1 0OOf; (k 1 ) 6 equiv. of TMSO, 10 equiv. of triethylamine. methylene chloride 0 to 25 °C. 
1 0h, 67%, then 2 equhr. of Ph 3 PCH3Br, 2.0 equiv. of NaHMOS, THF, 0 to 25 °C, 75%. then 
HP.pyr in pyridine. THF. 0 to 25 °C. 3h, 97% of 1 000k*; (I 1 ) same aa (h 1 ), 55% of 1 000?; Bn » 
benzyl; OAST . diethylaminosulfur trifluoride; UHMOS * lithium bis(mmethyisilyl)amide; 
TEMPO « 2,2.6,6-tetramethyl-l -piperidinykwy, free radical. 

Figure 58 illustrates synthesis of 26- halogen substituted epothilone analogs. 
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Figure 59 illustrates synthesis of 26* alkoxy substituted epothilone analogs. 

Figure 60 illustrates synthesis of 26- ester substituted epothilone analogs (top scheme) and 
26- thio ether substituted epothilone analogs (bottom scheme). 

Figure 61 illustrates synthesis of 26- amine substituted epothilone analogs. 

Figure 62 illustrates synthesis of 26* aldhehyde substituted epothilone analog 414 and 26- 
acid and ester substituted epothilone analogs 415 and 416. 

Figure 63 illustrates epothilone structure activity relationships (tubulin binding assay): A; 
3S -stereochemistry important; B: 4,4-ethano group not tolerated; C: 6fl, 7 ^stereoche- 
mistry crucial; D: 8S-stereochemistry important, 8,8-dimethyl group not tolerated; E: epoxi- 
da not essential for tubulin polymerization activity, but may be important for cytotoxicity; ep- 
oxide stereochemistry may be important; R group important; both olefin geometries tolera- 
ted; F: 1 5S-stereochemistry important; Q: bulkier group reduces activity; H: oxygen 
substitution tolerated; I: substitution important; J: heterocycie important 



Figure 64 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 65 shows a table of achieved compounds using both metathesis and esterification 
procedures with noted % tubulin polymerization accomplished via each analog. 

Figure 66 is as shown and noted as follows: [a] From Figures 64-65 [b] Assay performed 
as described vida supra; reaction mbctures contained 10 mM purified tubulin. 0.7 M mono- 
sodium glutamate, 5% OMSO and drug; incubation was for 20 min at room temperature 
and reaction mixtures were centrtfuged at 14,000 rpm; supernatant protein concentration 
was measured and the EC50 value it defined as the drug concentration resulting in a 50% 
reduction in supernatant protein relative to control values; each EC50 value shown is an 
average obtained in 2-4 independent assays, with standard deviations within 20% of the 
average, [cj Cell growth was evaluated by measurement of increase in cellular protein, [d] 
The parental ovarian cell line, derived as a clone of line A2780. was used to generate 
Taxol-resistant cell lines by incubating the cells with increasing concentrations of Taxol with 
verapamil; the ceils were grown in the presence of drug for S6 h; values shown in the 
Figure were single determinations, except for those of Taxol. 1 and 2 (average of 6 detent* 



i 
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nations each); the values for 1 and 2 are averages of data obtained with both synthetic and 
natural samples (generously provided to E.H. by Merck Research Laboratories), which did 
not differ significantly, [e] The MCF7 cells were obtained from the National Cancer Institute 
drug screening program; cells were grown in the presence of drug for 48 h; each value 
represents an average of two determinations, [fj Relative resistance is defined as the IC50 
value obtained for the -tubulin mutant line divided by that obtained for the parental ceil line. 

Figure 67 illustrates the structures and numbering of [nl-epothilonee A, where n ■ 1 • 5. 

■ < 

Figure 68 illustrates the synthesis of aldehydes 1 01 5 and 1 01 8. Reagents and conditions: . 
(a) 2.0 equiv. of PtvjP+CH^Br-. 1.98 equiv of NaHMDS. THF, 0 *C, 15 min; then 1.0 equiv 
of 1008 in THF, 0 *C. 0.5 h, 95%; (b) 1 .5 equiv. of 9-BBN 0.5 M, THF, 25 *C, 3 h; then 8 
equiv. of 3 N NaOH and 6.0 equiv of 30% H 2 02, 0 *C. 1 h. 85%; (c) 2.0 equiv of (COCQ 2 > 
4.0 equiv of DMSO. 6.0 equiv of Et 3 N, CH^, -78 to 0 *C, 1 .5 h, 98%; (d) 1 .2 equiv of 
1 010, 1 .2 equiv of NaHMDS, THF, 0 *C, 1 5 min; then add 1 .0 equiv of aldehyde 1008 or 
1007, 0 °C, 15 min, 77% (Z: Set. 9 : 1) fer 1011 or 83% (Z: Eca. 9 : 1) tor 1012; (e) 1.0 
equiv of CSA added portionwise over 1 h, CH 2 Cf 2 :MeOH (1 : 1), 0 to 25 e C, 0.5 h, 81% for 
1013 and 61% for 1014; (f) 2.0 equiv of SOypyr., 10.0 equiv of DMSO, 5.0 equiv of Et 3 N, 
CH 2 a 2 . 25 "C, 0.5 h. 81% for 1018 and 84% for 1018. NaHMDS « sodium bisflrimethyl- 
silyOamide; 9-8BN * 9-borabicyciop.3.1]nonane; DMSO = dimethylsulfbxide; CSA » 10- 
camphorsulfonic add; TBS » fert^utykflmethylailyl. 

Figure 69 illustrates the synthesis of aldehydes 1033 and 1038. Reagents and conditions: 
(a) 1 .5 equiv of ! 2 . 3.0 equiv of imidazole. 1 .5 equiv of Ph 3 P, Bl^-.MeCN (3 : 1), 0 # C. 0.5 
h,95%;(b)l.laquivofPh3P.ne«t,l00'C f 2h. 97%; (c) 1.5 equiv of PfcjP, neat i 00 'C. 
7 h, 99%; (d) 1 2 equiv of 1019 or 1021, 1 .2 equiv of NaHMDS, THF, 0 *C, 15 min; then 
add 1 1.0 equiv of aldehyde 1022. 0*C. 15 min, 85% (Z: E ee 9 : 1) tor 1023, 79% (Z: Eca 9 
: 1) for 1028; (e) 1.0 equiv of CSA added portionwise over 1 h. CH 2 O 2 :Me0H (1 : 1). 0 TO 
25 'C. 3 h, 99% tor 1024, 95% tor 1027; (f) 1 .5 equiv of I* 3.0 equiv of imidazole, 1 .5 equiv 
of Ph 3 P. Et 2 0:MeCN (3 : 1). 0 'C. 0.5 h, 84% for 1028. 98% for 1028; (g)1 .5 equiv of 1029, 
1 .5 equiv of LDA, THF, 0 # C. 16 h; then 1.0 equiv of 1028 or 1021 in THF, -100 TO -20 'C. 
10 h, 60% for 1030. or 82% tor 1031; (h) 2.5 equiv of rrwrwoeroxyphtnalic add. magnesium 
salt (MMPP), MeOHrphospnate buffer pH7 (1:1). 0 -C. 1 h. 99% for 32, 96% tor 1034; (0 2.0 
equiv DIBAL, toluene, -78 *C. 1 h. 90% tor 1033, 81% fer 1038. LDA • lithium diisopropyi- 
amide: DIBAL « dHaobutylaluminum hydride. 
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Rgure 70 illustrates ths synthesis of epothilone A analogs 1002*1008. Reagents and condi- 
tions: (a) 1.2 equiv of LDA, THF, 0 °C, 15 min; then 1.2 equiv of 1036 in THF, -78 °C, 1 h; 
then 1 .0 equiv of aldehyde (1015, 1016, 1033. 1035) in THF at -78 °C, 71% for 1037 (sing- 
le diastereoisomer), 72% for 1036 and its 6S,7fl-diastereoisomer (ca. 4 : 1 ratio), 77% for 
1041 and its 6 S, 7 fl-d iastereoisomer (ca. 6 : 1 ratio), 60% for 1042 and its 6S,7ftdiastereo- 
isomer (ca. 5 : 1 ratio); (b) 1 .5 equiv of TBSOTf, 2.0 equiv of 2,6-lutidine, methylene chlo- 
ride, 0 °C, 1 h, 94% for 1039, 93% for 1040. 85% for 1043, 95% for 1044; (c) 1 .0 equiv of 
CSA added portionwise over 1 h, methylene chloride: MeOH (1 : 1). 0 a C, 3 h, 77% for 1045, 
82% for 1046, 91% for 1049, 83% for 1050; (d) 2.0 equiv of (COCO 2. 4.0 equiv of DV.SO, 
6.0 equiv of Et 3 N, CHjCI* -78 to 0 'C. 1 .5 h, 93% for 1047. 85% tor 1048. 99% for 1051 . 
95% for 1 052; (e) 5.0 equiv of NaCI0 2 . 1 0.0 equiv of 2-methyl-2-butene, 2.5 equiv of 
NaH 2 P0 4 , fiuQH:H 2 0 (5:1). 0 - C, 1 h, 99% for 1053. 95% for 1064. 99% for 1067. 98% 
for 1058; (f) 6.0 equiv of TBAF. THF. 25 'C. 10 h. 92% for 1068, 77% for 1066. 85% for 
1059. 85% for 1060; (g) 2.5 equiv of 2,4,6-trichlorobenzoylchloride, 5.0 equiv of Et 3 N, THF, 
0 to 25 °C, 1 h; then slow addition (1 mUh) to a solution of 2.0 equiv of 4-DMAP in toluene 
(0.005 M based on hydroxy acid). 70 *C, 0.5-6 h. 70% for 1061 . 82% for 1062. 73% for 
1065, 75% for 1066; (h) 20% HF'pyr (by volume) in THF. 25 *C. 24 h. 82% for 1063. 91% 
for 1064, 86% for 1067. 71% for 1068; 0) methyl(trifluoromethyOdioxirane, MeCN, 0 «C, 
54% tor 1002 (single diastereoisomer). 35% of 1003 and 35% of 1069 (ca. 1 : 1 ratio of 
diastereoisomers). 97% for 1004 and 1070 (ca 6 : 1 ratio of diastereoisomers). 53% of 
1003 and 26% of 1071 (ca. 2 : 1 ratio of diastereoisomers). Tf » triflate; TBAF = tetra-n- 
butylammonium fluoride; 4-DMAP ■ 4-dimethylaminopyrtdine. 

« 

Rgure 71 shows the tublin binding (% tubulin polymerization in the filration-colorimetric tu- 
bulin polymerization assay) and cytpttdctty properties (against the parental 1 A9. and the 
Taxol-resistant cell tines PTX10 and PTX22) of a selected number of the synthesized epo- 

• * 

thilones. 

Figure 72 illustrate* the synthesis of 2 substituted analog 1 000k'. 
Figure 73 illustrates the synthesis of C 12 substituted analog 2003. 
Rgure 74 illustrates the synthesis of C- 2 substituted analog 1000H. 

Rgure 75 illustrates the synthesis of C- 2 substituted analog 1 001 00; note 1 : see 
figures 1-25. 
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Figure 76 illustrates the synthesis of cyclopropane epothitone A 2012 starting from 
advanced C 1 2 -hydroxy intermediate 392. 

Detailed Description of the Invention 

The invention is especially directed to epothilone analogs and methods for producing such 
analogs using solid and solution phase chemistries based on approaches used to synthe- 
size epothilones A and B (Nlcolaou at al. Angew. Chem. Int Ed. Engl. 35, 2399-2401 
(1996); Nicolaou et al. Angew. Chem. Int Ed. Engl. 36, 166-168 (1997); Nicolaou at al. 
Angew. Chem. Int Ed. Engl., 36, 525-527 (1 997)), as weH as to intermediates for these . 
epothilones and their synthesis. 

The following general definitions are used within the specification and can, where 
appropriate, be replaced by the more specific definitions mentioned herein: 

The prefix lower* stands for moiety having preferably up to and including 7,. preferably up to 
and including 4, carbon atoms. "Lower atkanoyl" preferably stands for acetyl, or also for 
propionyi or butyryl. 

Where hereinafter compounds of the formula I or intermediates are mentioned, this wording 
is intended to include both the free forms as wett as any salt where one or more salt- 
forming groups are present 

Salts of compounds of formula I are especially acid addition salts, salts with bases or, 
where several salt-forming groups are present caii also be mixed sate or internal salts. 

Salts are especially pharmaceuticaily acceptable salts of compounds of formula I. 

Such sate are formed, for example, from compounds of formula I having an acid group, for 
example a carboxy group, a suite group, « a p^sphoryi group substituted 
hydroxy groups, and are. for example, sate thereof with suitable bases, such as non-toxic 
metal sate derived from metals of groups la. lb. Ma and lib of me Periodic Table of the 
Elements, especially suitable alkali metal sate, for example lithium, sodium or potassium 
salts, or alkaline earth metal sate, for example magnesium or calcium sate, also zinc sate 
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or ammonium salts, as well as salts formed with organic amines, such as unsubstituted or 
hydroxy-substituted mono*, di- or tri-alkylamines, especially mono-, di- or tri-lower alkyl- 
amines, or with quaternary ammonium compounds, for example with N-methyt-N-ethyl- 
amine, diethytamine, triethylamine, mono*, bis* or tris*(2*hydroxy-lower alkyl)amines l such 
as mono*, bis* or tris-(2-hydroxyethyl)amine, 2*hydroxy-tert-butytamine or tris(hydroxy- 
methyl)methylamine, N,N-di-lower alkyl-N-(hydroxy-lower alkyO-amines, such as N.N* 
dimethyl-N-(2-hydroxyethyl)-amine or tri-(2-hydroxyethyl)-amine, or N-methyl-D-glucamine, 
or quaternary ammonium salts, such as tetrabutyiammonium salts. The compounds of 
formula I having a basic group, for example an amino group, can form acid addition salts, 
for example with inorganic acids, for example hydrohalic acids, such as hydrochloric acid, 
sulfuric acid or phosphoric acid, or with organic carboxyiic, sulfonic, suifo or phospho acids 
or N-substituted sulfamic acids, for sxampia acetic add, propionic acid, glycoiic acid, 
succinic acid, maioic acid, hydroxymaleic add, msthylmalaic add, fumaric add, malic add, 
tartaric add, gluconic add, glucaric add, glucuronic add, citric add, benzoic add, dnnamic 
add, mandeiic acid, salicylic add, 4-aminosaJteylic add, 2-phenoxybenzoic acid, 2- 
acetoxybenzoic acid, embonic add, nicotinic add or isonicotinic add, as well as with amino 
adds, for example the a-amino adds mentioned hereinbefore, especial ty glutamic acid and 
aspartic acid, and with methanesuifonic add, ethanesulfonic add, 2-hydroxyethanesulfonic 
add, ethane- 1 ,2-disuifonic add. benzenesulfbnic acid, 4-methylbenzene-sulfonic acid, 
naphthalene-2-sulfonic acid, 2- or 3-phosphoglycerate, glucose-6-phosphate, N-cydohexyl- 
suifamic acid (forming cydamates) or with other addic organic compounds, such as 
ascorbic add. Compounds of formula I having acid and basic groups can also form internal 

salts. 

For isolation or purification purposes, it is also possible to use pnarrnaceutically inaccept- 
able salts, for example a perchlorate or pteolinate salt 

The invention especially relates to the compounds of the formula (I) as such as described 
above, or a salt thereof where a salt-forming group is present except for the compounds of 
formula I wherein 

n is 3 (or, in a preferred variant 1 to 5); 
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R, is hydrogen, methyl (preferably lower alkyl), acetyl (preferably lower alkanoyl) or benzoyl 
(when the group of compounds of formula I is represented in a more preferred version) 
triaJkyl silyi or benzyl; 
R 2 is methyl; 
Rs is methyl; 

Ri is hydrogen, methyl (preferably lower alkyl), acetyl (preferably lower alkanoyl) or benzoyl 
or (when the group of compounds of formula I is represented in a more preferred version) 
trialkyl silyl or benzyl; 
Rs is hydrogen or methyl; 
R«isOor. 

R* is absent and a is a double bond; 
Rr is hydrogen; 

R$ is a radical of the formula % . B 
wherein 

R, is a radical selected from the group consisting of hydrogen and methyl; 
and R 10 is a radical represented by the formula: 

* 

which, as such, are excluded from the scope of the present invention. This is also valid for 
any subsequent embodiments of the invention mentioning a compound falling under 
formula I, if required. 

In the following, where compounds falling under the definitions of formula (I) given above 
are present the invention primarily deals with their use as described above and below, 
however, the compounds as such which are novel are also comprised. 

In the following any moieties such as Ri, Rt. R* R* R* R* R* R* R* Rio. Rn, Ru. n. * °. 
c, in all intsrmediates and all compounds falling under the definitions of formula I havs the 
meanings given for a compound of formula I. preferably the preferred meaning, if not 
indicated otherwise. 

t 

Furthermore, any sequence of reactions may include the removal of protecting groups, s.g. 
of the protected precursor compounds to yield either epothitene A or epotMlone 9, 
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according to procedures that are well-known in the art; this deprotection is usually not 
mentioned, but may be present in all synthesis steps mentioned herein and at ail stages. 

One aspect of the invention is directed to an epothilone analog represented by formula II. 



wherein, in a preferred embodiment, n is one to five, more preferably 3, 
R, is a radical selected from the group consisting of hydrogen (preferred), methyl or a 
protecting group, especially selected from the group consisting of tert-butyidimethytsilyl, 
trimethylsilyl. acetyl, benzoyl and tert-butoxycarbonyl, 

R4 is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
especially selected from the group consisting of tert-butyldimethylsilyl, trimethylsilyl, acetyl, 
benzoyl and tert-butoxycarbonyl, 

r, is a radical selected from the group consisting of hydrogen, methyl, -CHO, -COOH, - 
C0 2 Me, .C0 2 (f»rt.butyl), -C02(fro-PfOpyl), -CO 2 (pheny0. -C02(benzyf), -CONH(furfuryl), • 
C0 2 (/*benzo-(2R.3S)-3-phenv1isos«rine). -CON(methyl)2. -CON(ethyl) 2 . -CONH(benzyl). 
and -CH2R1 1 t ',or in a broader aspect also from -CH-CH2 and HCSC- ; where R^ is a 

radical selected from the group consisting of -OH, -O-Trityl, -O-iC^ allcyf), -O-benzyl. -O- 
allyi, -O-COCH3, -OCOC^ -O-COCH2CH3. -O-COCF3. -O-COCHfCH^. -0-CO. 
C(CH3) 3 , ^0(c^doprocane).-OCO(cyclc^exane), -0-COCH«CH 2 . -0-CO-phonyl, -0.(2- 
furoyl). -0-(/v^bsi^(2R,3S)^phtnyiitoserine), -O-cinnamovi. -O-(acetyl-phenyl), -0-(2- 
thiophenesulfonyl). -S-^-Ce alkyt). -SH. -S-Phenyl, -S-Benxyl. -S-furfuryl, -NH 2 , -N 3 , 
-NHCOCH3, -NHCOCH2O, .NHCOCH2CH3, .NHCOCF3, -NHCOCH(CH3)2. -NHCO- 
C(CH3) 3 , -NHCO(cyclopropane),-NHCO(cydohexane), -NHCOCH^5H 2 . -NHCO-phenyl, 
-NH(2-furoyl). -NH-(AM>eftto.(2R,3S)-3-phenylisoserine), -NH-(cinnamoy1). -NH.(acetyt- 
phenyl). •NH.(2.thiophenesu«ony1). -F. -CI. -I. and CH2CO2H ; and, in a broader aspect, 
also from -(C-, -C 6 aikyl) and methyl; 

and Rio is a radical selected from the group represented by the formulae: 




(II). 



OR, 
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and 




or (in a broader aspect of the invention) from 



O-Rx 








N(CH,) 8 





O-Rx 



^J^*^ and (In • eta broader aspect of the invention) 

N 




and 




wherein Rxisacyi. especially lower alkanoyl, such as acetyl 



with the proviso that if R§ is either methyl or hydrogen and R10 is represented by the 
following formula: 
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then R, and R* cannot simultaneously be hydrogen or methyl or acetyl. Preferred epothilone 
analogs of this aspect of the invention include a compound represented by the following 
structures, the substitutents being as defined above: 




(»a) 




(»b) 



OR, 



OR, 



Another aspect of the invention is directed to an epothilone analog represented by the 

following structure: 




(III) 



i preferably it one to five, more preferably 3: 

dical selected from the group consisting of hydrogen (preferred), methyl or a 
I group, especially selected from the group consisting of tert-butyWimethylsllyl. 
;ilyl, acetyl, benzoyl and tert-butoxycaroonyl, 

dical selected from the group consisting of hydrogen, methyl or a protecting groui 
t selected from the group consisting of tert-butyldimethytsilyl, trimethytoiryl, acetyl, 
ind tert-butoxycaroonyl, 

dical selected from the group consisting of hydrogen, methyl, -CHO. -COOH, - 
.C0 2 (fe*butyt), -C02(/s>prooyl). •C0 2 (phenyl). ^(benzyl). -CONH(fuf?uryl). 
snzo^(2R,3S)-3-phenylieoeerine). -CON(methyl) 2 . -CON(ethyl) 2 . -CONH(benzyO. 
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and -CH9R1 j ;or in a broader aspect also from -CH=CH 2 and HC=C* ; where R 1 1 is a 

radical selected from the group consisting of -OH, -O-Trityl, -0-(C r Cg alkyl), -O-benzyl. -O- 
ailyi, -O-COCH3, -0-COCH 2 a, -0-COCH 2 CH 3 , .O-COCF3, -0-COCH(CH3) 2 , -O-CO- 
C(CH3) 3 , -0-CO(cyclopropane),-OCO(cyclohexane), -0-COCH=CH 2 , -O-CO-phenyt, -0-(2- 
furoyl), •0-(Mbenzc-(2R,3S)-3'phenylisoserine), -O-cinnamoyl, -O- (acetyl- phenyl), -0-(2- 
thiophenesulfonyl), -S-(C.j-C 6 alkyl), -SH, -S-Phenyl, -S-Benzyl, -S-furfuryt, -NH 2 , -N 3 , - 
NHCOCH3, -NHCOCH 2 a, -NHCOCH 2 CH 3 , -NHCOCF3, -NHCOCH(CH3) 2 . -NHCO- 
C(CH3) 3 , -NHCO(eyelepf©pane),-NHCO(cye{ehexane), -NHCOCK«CH 2 , -NKCO-phenyi, • 
NH(2-furoyO, -NH-(/V-ben20-(2R,3S)-3-phenylisoserine) 1 -NH-(cinnamoyl), -NH-(acetvi- 
phenyl), -NH-(2-thiophenesuifonyl) t -F, -CI. I, -and CH 2 C0 2 H : and, in a broader aspect 
also from -(C-i-Cg alkyl) and methyl; preferably being -CH a F, -CHaCt, CHjOOCCH* - 
CHaCm or -CH«CHj where, at the same time, the double bond with the wavered line is in 
the cis form; 

* 

and Rio is a radical selected from the group represented by the formulae: 





and i J! A — ■ , and (In a broader 



aspect of the invention) 





ft 







O-Rx 
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* N 



■X 




N 



and (in a still broader aspect of the invention) 




.vO. 



N 

\ 




and 



wherein Rx is acyl, especially lower alkanoyl, such as acetyl; 



with the proviso that if R* is either methyl or hydrogen and Rio is represented by the 
following formula: 




then Ri and R 4 cannot simultaneously be hydrogen or methyl or acetyl. 

Another aspect of the invention is directed to an epothitone analog represented by the 
following structure: 




(IV) 



wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl 
a protecting group, especially selected from the group consisting of tert-butyfoimethylsilyl, 
thmethylsilyi. acetyl, benzoyl end tert-butoxycarbonyl, R« is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butytilmetnytsiryl. thmethylsilyi, acetyl, benzoyl and tert-butoxy- 
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carbonyl, R« is a radical selected from the group consisting of hydrogen and methyl, R 10 is a 
radical selected from the group represented by the formulae: 







^3 O-Rx /— *S s- — I 





O-Rx 



y^J^ ; and (In ■ broader aspect of the invention) \^JQ } 



and 




wherein Rx it aeyt, especially lower alKanoyt, such as acetyl; 



R, is a radical selected from hydrogen, methylene or methyl; Rt Is hydrogen, methylene or 
methyl; and R# is hydrogen or methyl; with the following provisos: 
If R, is methylene, then R s is methylene. If R, and R, are methylene, then R* and R, are 
chemically bonded to each other through a single bond V. If R» and R, are hydrogen or 
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methyl, then the single bond "a" is absent If R ft is methyl or hydrogen and R i0 is 
represented by the formula 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl; in the definition of 
compounds of formula IV those wherein neither R 2 nor R» are methylene and the bond "a" is 
absent being especially preferred. 

Another aspect of the invention is directed to an epothilone analog represented by the 
following structure: 




wherein R„ R 2l R* R*. R* R* R10 and "a" are as defined under formula IV. 

Preferred embodiments of the invention include the synthesis of compounds represented by 
the following structures, as well is novel compounds falling under their formulee: 

Another aspect of the invention is directed to a macrolactonlzation procedure for synthe- 
sizing epothilone and epothilone analogs represented by the following structure: 




wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldimethytsilyl. 
trimethylsilyt. acetyl, benzoyl and tert-butoxycarbonyl. R-isa radical selected from the 



* 
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group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyldimethytsilyl, trimethylsilyi, acetyl, benzoyl and tert-butoxy- 
carbonyl, R< is a radical selected from the group consisting of hydrogen, methyl, -CH r OH. 
CHjCI or -CHaCOjH. or (further or alternatively to the preceding moieties) is -CH a F, - 
CHsCHa or HCSC- , and Rio is a radical selected from the group represented by the 



formulae: 




;and ; 




The synthesis can be initiated by condensing a keto add represented by the following 
formula: 

OH 




O R,0 0 

with an aldehyde represented by the following structure: 




wherein Ru is a protecting group, especially tert-butyldimethytoilyl or trimethylsilyi. for 
producing a caiboxyttc add with a free hydroxy! moiety represented by the following 
structure: 




The synthesis is then continued by derivaiizing the free hydro^ 
carboxylic add with a dertvattzing agent represented by the formula RrX wherein Rr 
reactive reagent for introducing a protecting group, especially tert-bulyWlmethylsilyl cl 
tert-butyldimethyisiiyl trtflate, trimethylsilyi chloride, trimethylsilyi trtflate, methyl sulfa* 
acetic anhydride, acetic add. acetyl chloride, benzoic add. benzoyl chloride, and 2-(t 
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butoxycarbcnyloxyimino)-2-phenylacetonitrile, or methyl iodide, for producing a protected or 
derivatized carboxyiic acid represented by the following structure: 




The R$ protected hydroxy! moiety of the above derivatized carboxyiic add is then 
regioselectively deprotected for producing a hydroxy add with the following structure 

ft 




The above hydroxy acid is then macrolactonized for producing a macroiide with the 
following structure: 




where the moieties in each of the intermediates have the meanings given above under 
formula VI. 



The synthesis is then completed by epoxidizing the above macroiide for produdng the 

or epothilone analog of the formula VI. 



The invention relates to the last two steps of this synthesis (rnacroiactonizatton and 
epoxidation. and, where protecting groups are present, removal of such protecting groups if 
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desired), but in a preferred form to the full synthesis including all steps for the synthesis of a 
compound of the formula 

A method of synthesis for epothilone B according to this sequence is especially preferred, 
characterized in that the starting materials with the corresponding substituents are used 
and. where required, any protecting group or groups is or are removed. 

A further mode of the invention is directed to a metathesis approach to synthesizing 
epothilone and epothilone analogs represented by the following structure: 

^•0 



wherein R, is a radical selected from the group consisting of hydrogen (preferred), methyl or 
a protecting group, especially selected from the group consisting of tert-butyldlmethylsilyl, 
trimethylsilyl. acetyl, benzoyl and tert-butoxycarbonyl, R4 is a radical selected from the 
group consisting of hydrogen, methyl or a protecting group, especially selected from the 
group consisting of tert-butyWIrnethylsilyt, trimethylsilyl, acetyl, benzoyl and tert-butoxy- 
carbonyl. and R10 •• a radical selected from the group represented by the formulae: 



The synthetic protocol it initiated by condensing a keto acid represented by the following 
structure: 



R 4 0 




OR, 



(VII) 





0 R,0 O 



with an aldehyde represented by the following structure: 
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wherein R u is hydrogen or (CHa) m -(solid phase support) wherein m is a positive integer, for 
produsing a carboxyiic add with a free hydroxy! moiety reprsented by the following formula: 




Alternative preferred solid supports include Mernfieid resin, PEG-polystyrene, hydroxy* 
methyl polystyrene, formyl polystyrene, aminomethyi polystyrene, and phenolic polystyrene. 



The above carboxyiic acid is then estenfled with a secondary alcohol represented by the 

following structure: 




for producing an ester with a free hydroxy! moiety represented by the following formula: 




The synthesis is then continued by dertvatfcing the free hydroxy! moiety of the above ester 
with a dertvatfcing agent represented by the formula R.-X wherein RrX is a reactive agent 
for introducing a protecting group, preferably tert-butyWimethylsilyt chloride, tert-butykji- 
methylsilyl triflate,' trirnetnyWIy! chloride, trimethylsilyl trtflate, methyl sulfate, acetic anhydri- 
de, acetic acid, acetyl chloride, benzoic add. benzoyl chloride, and 2-(tert-butexycaAonylo. 
xyimino)-2.phenytacetonitrile. or methyl iodide, for producing a protected or dertvatfced 
ester represented by the following structure: 
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This ester is than metastasized with an organo-metallic catalyst for producing a macrolkJe 
with the following formula: 




where the moieties in each of the intermediates have the meanings given above under 
formula VI. 



Preferred organo-metallic catalyst include b4s(tr1cyciohexylpr)osphins)benzyiidine ruthenium 
dichlonde and 2,6-diisopropvtpherryHmido neophylldenemolybdenum bis(hsxafluoro-tert- 

butoxlde). 

The above macroHde ia then epoxidized for producing the epothitone analog of the formula 

VII. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidatlon, 
and. where protecting groups are present, removal of such protecting groups if desired), but 
in a preferred form to the full synthesis Including all steps for the synthesis of a compound 
of the formula VII. 

r 

Another embodiment of the invention is directed to a metathesia approach to synthesizing 
an epothilone or analog represented by the following structure: 
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(V!ll) 



O 



wherein R, 2 is hydrogen (preferred) or methyl, or a protecting group, preferably tert- 
butyldiphenylsilyl, tert-butyldimethylsilyt, trimethylsWyl, acetyl, benzoyl, tert-butoxycarbonyl, 
or a radical represented by one of the following formulae: 




and wherein R, is hydrogen (preferred), methyl or a protecting group, especially tort- 
butyldimethylsilyl. trirnetriyfsttyl, acetyl, benzoyl or tert-butoxycarbonyl. 
The synthesis is initisted by estertfying a keto acid of the formula 




COOH 



with an alcohol of the formula 
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for producing an ester of the formula 




Then, this ester is condensed with an aldehydeof the formula: 




for producing a bis-terminal olefin of the formula: 




The synthesis is then continued by metathesizing the above bis-terminal olefin with an 
organc-metallic catalyst for producing a macrtcydta lactone with a free hydroxy! moiety of 
the formula: 




Preferred organo-metalBc catalysts include bis(tn^ohexylphosphine)benrylidine 
ruthenium dlchlortde. and 2.6^iisopropylphenylimido neophvlidenemolybdenum 
bis(hexafluoro-t-butoxJdt). 

The fret hydroxy! of the above macrocydlc lactone is then, if desired, denvafeed with a 
derivatizing agent represented by the formula R*-X wherein fWX Is hydrogen or a reactive 
agent for introducing a protecting group, preferably tert-butyWImethylsilyl chloride, tert- 
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butyldimethylsiryl triflate, trimethytsiryl chloride, trimethylsilyt triflate, methyl sulfate, acetic 
anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl chloride, or 2-(tert- 
butoxycarbonyloxyimino)-2-phenyiacetonitrile, or methyl iodide, for producing a protected or 
derivatized macroiide with the following structure: 




synthesis is then completed by epoxidizing this protected or derivatized macroiide for 
producing the epothilone analog of the formula VIII. In all intermediates, the substitutents 
have the meanings given under formula VIII, If not mentioned otherwise. 



The invention relates to the tost two or three steps of this synthesis (metathesis; if desired, 
introduction of a protecting group; and epoxidatton. and, where protecting groups are 
present, removal of such protecting groups if desired), but in a preferred term to the full 
synthesis including all steps for the synthesis of a compound of the formula VIII. 

Another aspect of the invention is directed to a method employing a metathesis approach 
for synthesizing an epothilone or analog represented by the following structure: 




(IX) 



wherein R. is hydrogen (preferred), methyl or a protecting group, preferably ft* 
butykJimethylsilyl, trimethylailyl. acetyl, benzoyl or fenMwtoxycarbonyl; wherein R w it bne of 
the radicals of the formulae: 
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and 




The synthesis is 



by condensing a keto acid of the formula 




COOH 



with an aldehyde represented by the formula 




* ■ 



for producing a carboxyUc acid with a free hydroxy! moiety of the formula 




The free hydroxyl moiety of the above carboxylic add is then derivaiized with a denvatizing 
agent represented by the formula R*-X wherein R*-X is a reactive agent for the introduction 
of a protecting group, especially tert-butyttimethyJsilyl chloride, tert-butytdimethylsilyl triflats, 
trimethytsiiyl chloride, trimethylsilyl triflate. methyl sulfate, acetic anhydride, acetic add. 
acetyl chloride, benzoic add, benzoyl chloride, and 2-(tert.butoxycarbonyk^mlno)-2. 
phenyiacetoniWIe, or is melttf carboxytlc 

■ 

add represented by the teeowing structure: 




This derivateed carboxylic add is then reacted with an alcohol of the formula 
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for producing a bis-terminal olefin of the formula 




This bis-terminal olefin is then metathesized with an organo-metallic catalyst for producing a 
macrocyclic lactone with the following structure: 




Preferred organo-metallic catalysts include bis(tn^ctohexyiphosphine)benzyiidine 
ruthenium dichloride. or 2,S^Heopropylpheny«mido neophyiidenemolybdenum 
bis(hexafluoro-t-butoxide). 

The synthesis is then completed by epoddttng the above-mentioned macrocyclic lactone 
for producing the epothione analog of the formula IX Any substttutents in the intermediates 
have the meanings given under formula IX if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (metathesis and epoxidation. 
and. where protecting groups are present, removal of such protecting groups If desired), but 
in a preferred form to the full synthesis including all steps for the synthesis of a compound 
of the formula IX. 

Another (especially preferred) aspect of the invention is directed to a method employing a 
maerolactonaation approach for synthesizing an spothilone or analog of the formula: 
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(X) 



OR, O 



wherein each of Ri and R» is, independently of the other, hydrogen (preferred), methyl or a 
protecting group, especially fert-butykflmethylsilyl, trtmethytsityt, acetyl, benzoyl, or terp 
butoxycarbonyl; R« is as defined under formula I, especially hydrogen, methyl, -CHj-OH, 
-CH,CI, or -CHaCOjH, or most especially CHaCH* -CH«CH a , -CHjOOCCH, Or especially 
•CHjF; and R10 is one of the radicals of the formulae 



and 





The synthesis is initialed by condensing a ketone of the formula 



OR 



IB 



wherein R« Is hydrogen or methyl or a protecting group, especially especially fert-butyk*- 
methylsilyi. trimetnyWyl, ferfbutyfolphenyisilyi. triethyisayl or benzyl; with an aldehyde of the 
formula 




H 0*»« 

wherein Ri. is a projecting group, especially fen^Dutyidimethylsilyl or trimethylsilyl, for produ- 
cing a ^-hydroxy ketone, with a free hydroxy! moiety and a R,. protected hydroxy! moiety, of 



the formula 
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0 OR, OR 19 

The free hydroxyl moiety of this p-hydroxy ketone is then derivatized with a derivatizing 
agent R4-X wherein FU-X is a reactive agent for me introduction of a protecting group, 
especially tert-butyidimethylsilyl chloride, tert-butyidimethyisilyl triflate, trimethyisiiyl chloride, 
trimethylsilyl triflate, acetic anhydride, acetic add, acetyl chloride, benzoic add, benzoyl 
chloride, or 2-(tert-butoxycarboriyioxyirmno)-2-phenvlac^ or methyl iodide or methyl 
sulfate, for producing a protected or derivstized ^hydroxy ketone of the formula 




0 OR, OR,, 

The R„ protected hydroxyl moiety of this protected or derivatized p-nydroxy ketone is then 
regioselectively deprotected for producing a terminal alcohol with the following structure: 




0 OR, OH 

This terminal alcohol is then oxidized for produdng a derivatized carboxyiic add with a Rn 

■ 

protected hydroxyl moiety of the formula 
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compound is then deprotactad regioselectively by removal of the protecting group Ri« 
to yield a hydroxy acid of the formula: 




This hydroxy acid is then mi 



O OR, 3 
rolactonized to yield a macrolide of the formula 




O OR, O 

The synthesis is then completed by epojddizlng the above macrollde for producing the 
epothilone compound of the formula X Any substltutents in the intermediates have the 
meanings gfcen under formula X if not mentioned otherwise. 

The invention relates to the last two steps of this synthesis (mscrolactonization and 
epoxidstion, and. where protecting groups are present, removal of such protecting groups if 
desired), but in a preferred form to the fuli synthesis including sH stsps for the synthesis of a 
compound of the formula X. 

Preferred is this process for the synthesis of epothilone B, characterized in that the starting 
materials with the corresponding substftuents. where required, in protected form, are used, 
and any protecting group or groups ia or are removed. 



WO 98/15929 PCT7EP97/0701 1 

.44. 



Another aspect of the invention is directed to a process for synthesizing an epothilone 
analog having an epoxide and an aromatic substituted. In the first step of this process, a 
first epothilone intermediate and an aromatic stannane are coupled by means of a Stifle 
coupling reaction to produce a second epothilone intermediate. The first epothilone inter* 
mediate has a vinyl iodide moiety to which the aromatic stannane is coupled for producing 
the second epothilone intermediate. Preferred embodiments of the first epothilone inter* 
mediate are represented by the following structure: 




In the above structure. Ri is methyl or preferably hydrogen. whBe Ri and R* are. each 
independently of the other, selected from hydrogen (preferred), methyl or a protecting 
group, especially tert-butvtdimethytsilyt, trimethytsilyl, acetyl, benzoyl or tert-butoxycarbonyl. 

In a preferred embodiment, the aromatic stannane is a compound represented by one of 

the following structures: . 




! 



■ 
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I 



wherein Rx is acyt, especially lower alkanoyl, such as acetyl. 

The second epothilone intermediate has the aromatic substttutent and a cis olefin. In s 
prefered embodiment, the second epothilone intermediate is represented by the following 
structure: 




0 OR, 0 



wherein R, 0 is a radical represented by any one of the following formulae: 
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O-Rx 



\ 



v-O' 

x N 



and (In a broader aspect of the invention) 




v-O. 



N 

\ 




and 




wherein Rxttacyl, especially tower alkanoyl, such as acetyl; 



and wherein the other moieties are as defined under formula XI, R« preferably being 
hydrogen. 
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In the second step of this process, the cis olefin of the second epothilone intermediate is 
epoxidized to produce the epothilone analog, in a preferred embodiment the epothilone 
analog is represented by the following structure: 




(XIII) 



O OR, O 



wherein the moieties are as defined for the first and second epothilone intei 
mentioned above; if desired, any protecting group(e) can then be removed. 



In a preferred mode of the above-mentioned process for synthesizing an epothilone analog, 
there are several additional steps that arre performed prior to the Stile coupling. The first of 
the additional steps involves the condensation of a keto add represented by the formula 




O R,0 



with an aldehyde represented by the following structure: 




wherein Rir is hydrogen of (CHt)«-(soHd phase support) wherein m is a positive integer for 
producing a carboxyic add represe n ted by the fbltawtgn structure: 




O OR, OH 

Then, this carboxyiic add is esterifled with a secondary alcohol represented by the following 



strut 



re: 



« 
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O OR, O 



Then, there is an optional step. The free hydroxy of the above ester may be derivatized with 
a derivatizing agent for introducing e.g. a protecting group or methyl. Preferred derivatizing 
agents include reactive agents for the introduction of protective groups, especially tert- 
butyldtmethylsilyl chloride, tert-butyWimethylsilyl triflate, trimetnylstlyl chloride, trimethytsilyl 
triflate, acetic anhydride, acetic acid, acetyl chloride, benzoic acid, benzoyl chloride or 2- 
(tert-butoxycarbonyloxyimino)-2-phenylacetonitrile, or methyl iodide or methyl sulfate, for 
producing an optionally derivatized ester represented by the formula 




Finally, the above optionally derivatized ester is metathesized with an organo-metaUic 
catalyst (as already mentioned in other cases above) for producing the epothitone analog of 
Be formula XIII. 

Another aspect of the invention is directed to the use of each of the above-mentioned 
metathesis approaches for synthesizing libraries of epothitone analogs. In this mode, a 
combinatorial approach is employed for synthesizing libraries of epothitone analogs having 
various combinations of the preferred R group(s). 



WO 98/25929 PCT/EP97/V7011 

-49- 



Further modes of the invention are directed to each of the individual steps of the synthesis 
processes mentioned hereinabove or hereinbelow. 

Especially preferred are the following groups of compounds of the formula I and the 
intermediates with the corresponding substituents: (a) compounds of the formula I wherein 



Rio is a moiety of the formula 




; (b) compounds wherein Rs is CH r F er, in 



a broader aspect. -CH,CH* -CHaOOCCH*. *CH*CHa or -CH^Cl; (c) n is one; or any 
combination of the compounds falling under (a) to (c) aa far as they are not excluded; 
especially the compounds of formula I mentioned in the Examples and Figures below that 
meet one or more of the conditions (a) to (c) . 

♦ 

Especially preferred are also compounds 265 and 266 in the Figures, as well as the new 

synthetic strategies according to Figures 34 to 39. 



Especially preferred is also any one compound foiling under the following definition: 
A compound of the formula 




wherein fl« is -CHaF, -CHiO, -CHtOOCCH* -CHjCHj or -CH*CHj. 

a 

Especially important la also the process according to Fig. 17 tor the synthesis of the end 
product mentioned therein. 

As already mentioned, the compounds of formula I have useful pharmacological properties. 
Especially, they can be used tor the treatment of proliferate diseases, such aa cance* 
One of the many advantages is that the compounds can also be used sgainst proliferative 
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diseases that are drug-resistant The pharmacological usefulness of the compounds of 
formula I is especially demonstrated by the test systems mentioned above in the description 

■ 

of the figures; however, other test systems that are known to the man skilled in the art 
which have been used in the characterisation of Taxol and Epothilones A and B are 
appropriate as well. Especially, the compounds can be used for the treatment of solid 
cancers and leukemias, such as colon, breast, lung, prostate and epithelial carcinomas. 

The present invention also relates to pharmaceutical compositions which comprise, as 
the active ingredient, one of the pharmacologically active compounds of the formula I as 
defined above or below, or a pharmaceutical^ acceptable salt thereof. Compositions for 
enteral, in particular oral, and especially for parenteral administration are particularly pre- 
ferred. The compositions comprise the active ingredient by itself or, preferably, together 
with a pharmaceutical ly acceptable carrier. The dosage of the active ingredient depends 
on the disease to be treated and on the species, age, weight, skin area and individual 

■ 

condition, as well as on the mode of administration. 



The pharmaceutical compositions comprise about 5% to about 95% of the active ingre- 
dient, single-dose administration forms preferably containing about 20% to about 90% 
and administration forms which are not single-dosed preferably containing about 5% to 
about 20% of active ingredient Dose unit forms, such as coated tablets, tablets or 
capsules, contain about 0.01 g to about 2 g, preferably about 0.02 g to about 1 .0 g, of 
the active ingredient, in particular 0.02 to 0.6 g. 

The present invention also relates to the use of compounds of the formula I for the pre- 
paration of pharmaceutical compositions for use against a proliferative disease, for 
example for the treatment of diseases which respond to enhancers of tubulin polymeriza- 
tion, in particular of the abovementioned diseases. 

The pharmaceutical compositions of the present invention are prepared in a manner 
known per se. for example by means of conventional mixing, granulating, coating, dis- 
solving or lyophilizing processes. Thus, pharmaceutical compositions for oral use can be 
obtained by combining the active ingredient with one or more solid carriers, granulating a 
resulting mixture, if appropriate, and processing the mixture or granules. If desired, to 
tablets or coated-tablet cores, if appropriate by addition of additional exdpients. 



S 
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Suitable carriers are, in particular, fillers, such as sugars, for example lactose, sucrose, 
mannitol or sorbitol, cellulose preparations and/or calcium phosphates, for example tri- 
calcium phosphate or calcium hydrogen phosphate, and furthermore binders, such as 
starches, for example com, wheat rice or potato starch, methylcellutose, hydroxypropyl- 
methylcellulose, sodium carboxymethylceilulose and/or polyvinylpyrrolidone, and/or, if 
desired, disintegrants, such as the abovementioned starches, and furthermore carboxy- 
methyi starch, crossiinked polyvinylpyrrolidone, alginic acid or a salt thereof, such as 
sodium alginate. 

Additional exctpients are, in particular, flow conditioners and lubricants, for example 
silicic acid, talc, stearic add or salts thereof, such as magnesium stearate or calcium 
stearate, or derivatives thereof 

* 

Coated-tabiet cores can be provided with suitable coatings, if appropriate resistant to 
gastric juice, the substances used being, inter alia, concentrated sugar solutions, which 
contain gum arable, talc, polyvinylpyrrolidone and/or titanium dioxide if appropriate, coa- 
ting solutions in suitable organic solvents or solvent mixtures or, for the preparation of 
coatings which are resistant to gastric juice, solutions of suitable cellulose preparations, 
such as acelyiceilulose phthalate or hydroxypropylmethylcelhjlose phthaiate. Dyes or pig- 
ments can be admixed to the tablets or coated-tabiet coatings, for example for identifica- 
tion or characterization of different active ingredient doses. 

Pharmaceutical compositions which can be used orally are also dry-filled capsules of ge- 
latin and soft, dosed capsules of gelatin and a softener, such as glycerol of sorbitol. The 
dry-filled capsules can contain the active ingredient in the form of granules, for example 
mixed wlft fBleta. such aa ccffl stan^ 

sium stearate, and if appropriate stabilizers. In soft capsules, the active ingredient is pre- 
fersbiy dissolved or suspended in suitable liquid exdpients, such as fatty oHs or paraffin 
oil. it also being possible to add stabilizers. • 

* 

Further oral administration forma are, for example, syrups which are prepared In the cus- 
ternary manner and contain the active ingredient, fW example, in susp^ 
awrrcemrationofat<>ut5%to20*.p^ 
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which gives a suitable single dose, for example, when 5 or 10 ml are measured out 
Further suitable forms are also, for example, pulverulent or liquid concentrates for prepa- 
ration of shakes, for example in milk. Such concentrates can also be packed in single* 
dose amounts. 

Compositions which are suitable for parenteral administration are, in particular, aqueous 
solutions of an active ingredient in water-soluble form, for example a water-soluble salt, 
or aqueous injection suspensions which contain viscosity-increasing substances, for 
example sodium carboxymethylcellulose, sorbitol and/or dextran, and if appropriate stabi- 
lizers. The active ingredient can also be present here in the form of a lyophilisate. if ap- 
propriate together with excipients, and can be dissolved by addition of suitable solvents 
before parenteral administration. 

* . 

* 

Solutions such as are used, for example, for parenteral administration can also be used 
as infusion solutions. 

The invention also relates to a method (process) for the treatment of the abovementio- 
ned disease states in warm-blooded animals, i.e. mammals, and in particular humans, 
preferably those warm-blooded animate which require such treatment The compounds 
of the formula I of the present invention or their pharmaceutical salts, if salt-forming 
groups are present, are administered for this purpose for prophylaxis or treatment and 
are preferably used in the term of pharmaceutical compositions, for example in an 
amount which is suitable for enhancing tubulin polymerization and is active prophylac. 
tically or especially tnerapeuticaHy against one of the diseases mentioned which respond 
to such treatment for example tumours. For a body weight of about 70 kg. a daily dose 
of about 0.1 g to about 15 g, praletaWy about 0.2 g to about 5 g, more preferably of 
about 0.5 to 3 g. of a compound of the formula I it administered here. 

The pharmaceutical compositions are preferably those which are suitable tor administra- 
tion to a warm-blooded animal, tor example a human, tor treatment or prophylaxis of one 
of the abovementioned diseases arid comprise an amount of a compound of the formula 
I or of a pharmaceutical* acceptable salt thereof which is active against said diseases, 
together with an excipient 
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Especially preferred are the final products and intermediates, as well as their salts, where 
salt-forming groups are present, and the reaction procedures or any parts thereof mentio- 
ned in the subsequent examples and in the figures: 

The following examples illustrate methods for the total synthesis of epothilone A (1), epo> 
thilone B (2), designed analogs and the generation of epothilone libraries. The examples 
rely inter alia on the olefin metathesis reaction and macrocydization as a means to form the 
macrocydic ring. The disclosed methods promise the discovery of anticancer agents which 
will be superior to existing ones. The examples represent exemplary conditions which de- 
monstrate the versatility of the methodology and are not meant to be restricted to the 
modes and compounds or intermediates disclosed. 




sasvnth 




olefin m 




A method using the olefin metathesis approach to synthesize epothilone A (1) and sever 
analogs (39-41, 42-44. 51-67, 58-40. 6446. and 6749) is described (Figures MO), in t 
example, we describe the details of our olefin metathesis approach to epothilone A (1) a 
,ts application to the synthesis of several of its analogs. Key building blocks 6. 7 and 8 1 
constructed in optically active form and were coupled and elaborated to olefin metathesi 
precursor 4 via an sJdot reaction and an esteriflcatton coupling. Olefin metathesis of 
compound 4, under the catalytic influence of Rua 2 (» CHPn )( pc y3)2 ettaiyst. furnished 
and tr«i*cydte olefin* 3 and 48 EpoxkJation of 49 give epothilone A (1) and several 
analogs, whereas epaxttatton of 80 resulted in additional epothitones. Similar elaborati 
of isomeric as weft as simpler intermediates resulted in yet another series of epothiione 
analogs and model systems. 



A. R 




;» gv /Rgura 21 



structure of epothilone A (1) is characterized by a 16-merobered macrocyclic lector 
ring a de^poxlds moiety, two hydroxy! groups, two secondary methyl groups, and . 
dimethyl group, as wett as a side-chain consisting of a trisubstituted double bond i 
Die moiety (Figure 1). With its seven stsreocenters and two V* 3 "^*"^ 
hi ,on. A (1) presents a considerable challenge as s synthetic target, particularly wr 
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gard to stereochemistry and functional group sensitivity. In search for a suitable synthetic 
strategy, we sought to apply new principles of organic synthesis and, at the same time, re- 
tain optimum flexibility for structural diversity and construction of libraries. 

in recent years, the olefin metathesis reaction became a powerful tool for organic synthesis 
(For the development of the olefin metathesis as a ring forming reaction, see: Zuercher et 
al. J. Am. Chem. See. 1996, 118, 6634-6640; Schwab et al. J. Am. Chem. Soc. 1996, 1 18. 
100-1 10; Grubbs et al. Ace. Chem. Res. 1995, 28, 446-452; Tauji et al. Tetrahedron Lett. 
1 980. 21 . 2955-2959; Katz et al. Tetrahedron Lett 1976. 4247-4250; Katz et al. 
Tetrahedron Lett 1976, 4241.-4254; Katz et al. J. Am. Chem. Soc. 1976, 98, 606-608; Katz 
etal. Advances in OrganomeL Chem. 1977, 16, 283-317). 

In particular, a number of publications report application of this chemistry to the construction 
Of mac recycles (For a number of applications of the olefin metathesis reaction in medium 
and large ring synthesis, see: Borer et al. Tetrahedron Lett. 1994, 35, 3191-3194; Clark et 
al. J. Am. Chem. Soc. 1995, 117, 12364-12365; Hour! et al, J. Am. Chem. Soc. 1995, 117, 
2943-2944; Furstner et al. J. Org. Chem. 1998, 61 . 3942-3943; Martin et al. Tetrahedron 
1998, 52. 7251-7264; Xu et al. J. Am. Chem. Soc. 1998, 118, 10926-10927). 

Inspection of the structure of epothiione A (1 ; Figure 2) reveals the intriguing possibility of 
applying the olefin metathesis reaction to bis(terminal) olefin 4 to yield the eis-olefin contai- 
ning macrocyciic lactone 3. which could be converted to the natural product by Simple ep- 
oxidation. as retrosyrthetically outlined in Figure 2. Daring as it was. this strategy has the 
potential of delivering both the cie- and trans-cyclic olefins corresponding to 4 for structural 
variation. Proceeding with the retrosynthetic analysis, an esterification reaction was identi- 
fied as a means to allow disconnection of 4 to its components, carboxylic acid 5 and secon- 
dary alcohol 6. Thoatdol moiety in 6 allows the indicated disconnection, defining the alde- 
hyde 7 and keto add 8 as potential intermediates. Carboxylic add 8 can then be traced to 
intermediate 9, whose asymmetric synthesis via elaboration of the known keto aldehyde 12 
is straightforward. An atyrnmetrte aMytooration can also be envisioned as a means to con- 
struct alcohol 6. leading to precursor 10. which can be derived from the known thiazole deri- 
vative 11. This rotrosyntt^ analysis led to a high^ synthetic stra- 
tegy, the execution of which proved to be highly rewarding in terms of delivering epothiione 
A (1) and a series of analogs of this naturally occurring substance for biological screening 

2). 
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B. instruction of Kav Buildi ng Blocks and Mi 
Pu 



As a prelude to the total synthesis, a number of building blocks were synthesized and 
utilized in model studies. Thus, fragments 7, 18a, 18b and 21 (Figure 3; schemes A-C) 
were targeted for synthesis. Aldehyde 7 was constructed by two different routes, one of 
which is summarized in Figure 3A. Thus, Oppolzefs acylated sultam derivative 1 3 
(Oppolzer st at. Tetrahedron Lett. 1988, 30, 5603-1989; Oppetzer et ai. Pure & Appl. 
Chem. 1990. 62, 1241-1250) was alkylated with 5-todo-l -pentene in the presence of so- 
dium bis(trimethyisilyl)amide (NaHMDS) to furnish compound 14 as a single diastereoiso- 
mer (by 1 H NMR). Lithium aluminum hydride reduction of 14 gave alcohol 15 in 60% overall 
yield from sultam 13. Oxidation of 18 with tetrapropylammonium perruthenate(V1D (TPAP) 
and 4-memyl-morpholine^-oxide (NMO) yielded the desired aldehyde 7 In 95% yield. 

The synthesis of the two antipodal alcohols 18a and 18b is outlined in Figure 38. Thus, 
giycidols 16a and 18b were converted to the corresponding fevf-butyldiphenylsilyl ethers 
(OTPS) 17a (90% yield) and 17b (94% yield), respectively, by a standard procedure 
(TPSCI, imidazole), and then to 19a (88% yield) and 18b (83% yield) by reaction with the 
vinyl cuprate reagent derived from copper(l) cyanide and vinyUiWum. 

Rgure 3C summarizes the synthesis of the third required building block, keto acid 21 . star- 
ting with the known and readily available keto aldehyde 1 2 (Inuka et ai. J. Org. Chem. 1 967. 
32 404-407). Condensation of 12 with the sodium salt of ptosphonate 19 produced ,8- 
unsaturated ester 20 m 99% yield. Cleavage of the ferf butyl ester with CF 3 COOH in 
methylene chloride resulted m a 99%yie«of carboxy«cacid21. 

Wimtharequlellbfragn^ 

fin metathesis strategy. Fkjur. 4 summarizes the result, of our work in «^J** 
coup.ir*dfr*menta16.ar>d2r 

22a in 86% yield. Aldol condensetion of ths lithium enolate of keto ester 22a (generated by 
the action of IDA) and aldehyde 7 resulted in the formation of aldols 23 *" d J* 4 
ratio. Chrorwrtographlc i*m*m allowed the isolation of pure 23 (42% .ye* and 24 (33% 
yield). The stereochemical alignment, of compound. 23 and 24 were bawdon an X-my 
cryptographic .nary* of a subvert intermedin a. will be ^ 
TZZTol 23 ^Rua 2 (^HPh)(PCy3) 2 c^yai * " 
der high-dilution condition, at 25'Cfor 1 2 hour, recited in dean formation of a an* 
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macrocyclic olefin (25) (Ji 2,13 a 1 5 5 Hz ) in 85% Similar treatment of 24 generated 
the diastereomeric trans-olefin 26 (J 1 2i 1 3 = 1 5.2 Hz) as the sole product in 79% yield. Desi- 
lylation of 25 and 26 with TBAF and AcOH in THF at 25'Cgave dihydroxy lactones 27 (92% 
vieldl and 28 (95% yield, mp 128-129 C, EtOAc-hexanes), respectively. 



X-ray crystallographic analysis of macrocyclie diol 28 revealed the trans nature of the 
double bond and defined the stereochemistry of all stereogenic centers. Comparison of the 
1 H NMR spectra of 26 and 28 with those of 25 (J 1 2,1 3 » 1 5.5 Hz), 27, 31 (J1 2,1 3 » 1 5.7 
Hz) and 32 (vide infra) supported the trans geometry of the double bond generated by the 
olefin metathesis, and the C6-C7 stereochemistry. Therefore, the original assignment 
(Nicolaou et al. Angew. Chem. Int. Ed. Engl. 1996, 35, 2399-2401) of the cis geometry for 
this double bond and the C8-C7 stereochemistry of the aldol products in these model sys- 
tems should now be revised as shown. Ironically, it was this erroneous, but encouraging 
assignment that let us to embark on the final plan to synthesize epothilone A by the olefin 
metathesis approach. As events unfolded (vide infra), the real system produced both the 
cis- and the trans-cydic olefins and the metathesis approach turned out to be fruitful. 

For the purposes of analog synthesis, the 15R fragment 18b was utilized in these studies 
as well, as shown in Figure 5. Coupling of 18b and 21 with DCC and 4-DMAP led to a 95% 
yield of ester 22b. the enantfomer of 22a. LDA-mediated aldol condensation of 22b with 
aldehyde 7 furnished aldols 29 (54% yield) and 30 (24% yield), which are diastereomeric 
with 23 and 24 of Figure 4. Olefin metathesis of 20 and 30 with the Rua 2 (-CHPh)(PCy3) 2 
catalyst led to cyclic systems 31 (J 12 ,i3 » 15-7 Hz) (80% yield) and 32 (J 12t13 » 15 4 
(81 % yield), respectively. Compounds 27, 28. 31 and 32 may serve as suitable precursors 
for the construction of a series of designed epothilones for biological investigations. At this 
juncture, however. It was considered more urgent to investigate the compatibility of the thi- 
azole side-chain with the conditiona of olefin metathesis and epcoddatton. 

* 

To this end. the chemistry shown in Figure 6 was studied. The enolate of keto acid 21 (2.3 
equivalents of LDA, THF, -78 C) reacted with aldehyde 7 to afford hydroxy adds 33 and 3 
as a mixture of C6-C7 (ca 2:3 by 'H NMR) in good yield. This mixture was coupled withal 
cohol 6 in the presence of EDC and 4-DMAP, to afford two diastereomeric esters. 38 and 
36 (29% and 44% yield, respectively, for two steps). Both products, 38 and 36 were sub, e 
ted to the olefin metathesis reaction, and we were delighted to observe a smooth rmg clo- 
sure leading to trar^macrocycles 37 (J 12f13 - 15.5 Hz) (86%) and 38 < J 12.13^ 0 H ^ 
(66%). With cydized product 37 and 38 in hand, we tiien proceeded to dafnonstrata the 



\ 
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feasibility of epoxidizing the C1 2-C1 3 double bond in the presence of the sulfur and olefin 
functionalities in the thiazole side chain. Thus, treatment of both 37 and 38 with 0.9-1 .2 
equivalents of mCPBA in CHCI3 at O'Cresulted in the formation of epoxides 39 (01' 40) 
(40%), 40 (or 39) (25%, stereochemistry unassigned), and 41 (18%, stereochemistry un- 
assigned), as well as 42 (or 43) (22%), 43 (or 42) (1 1%) and 44 (7%) along with some un- 
identified side products. These results paved the way for the final drive towards epothilone 
A (1). More recently we found that methyl (trifluoromethyOdioxirane (Yang et ai. J. Org. 
Ohem. 1995, 60, 3887-3889) gives superior results in the epoxidatton reactions in regard to 
regioselectivity and yields. Thus, olefins 37 and 38 were converted to epoxides 39 (or 40) 
(45%) and 40 (or 39) (28%), and epoxides 42 (or 43) (80%) and 43 (or 42) (15%), respec- 
tively. No side-chain epoxidation was observed in either case. 




Encouraged by the results of the model studies described above, we proceeded to assem- 
ble epothilone A (1). Figure 7 shows the initial stages of the construction beyond the key 
building blocks 84. Thus, aidoi condensation of 8 (2.3 equivalents of UDA) with aldehyde ' 
afforded diastereomaric products 48 and 49 (ca 3:2 ratio by 1 H NMR), which were coupled 
as a mixture with alh/fic alcohol 8 in the presence of EOC and 4-DMAP, to afford, after chro- 
matographic purification, pure esters 4 (52% overall from 8) and 43 (31% overall from 8). 

The olefin metathesis reaction of 4 (6R.7S stereochemistry as proven by conversion to epc 
thilone A) proceeded smoothly in the presence of the Rua 2 («CHPh)(PCy3) 2 catalyst, as 
shown in Figure 8. to afford cyclic systems 8 (J 12 j3 - 10 5 t 4 **) 48 < J 12,13 a 
15.0 Hz) (39%). The sttyt ethers from 3 and 48 were removed by exposure to CF3COOH ii 
methylene chloride, affording dlhydroxy compounds 49 (90% yield) and 50 (92% yield), 
rwp6ctfv#ly. 

The cis-oiefin 48 was converted to epothilone A (1) by the action of mCPBA (0.8-1 .2 equi- 
valents) in a reaction that In addition to 1 (35% yield), produced the isomeric epo>M^ 
(1 3% yield). 52 (or 83) (9% yield, stereochemistry unassigned) and 83 (or 82) (7% yield, st 
reochemistry unassigned). as well as bis(epoxides) 84 (or 88) and 58 (or 84) (10% total 
yield, stereochemistry unassigned). Reaction of olefin 48 with excess mCPBA (1 .3-2.0 
equivalents) gave a different product distribution: 1 (15%), 51 (10%), 82 (or 53) (10%). 53 
(or 52) (8%). 54 (or 58) (8%), 58 (or 54) (7%), 58 (5%). and 57 (5%). The action of di- 
methyldtoxirane (Murray et al. J. Org. Cham. 1985, 50. 2847-2853) (Methylene chlonde, C 
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C) on 49 gave mainly 1 (50%) and 51 (1 5%), together with small amounts of 53 (or 54) and 
54 (or 53) (10% total yield). 

However, we found that the preferred procedure for this epoxidation was the one employing 

■ 

methvl(trifluoro-methyOdioxirane (CH 3 CN, Na 2 EDTA, NaHC03, Oxone®, 0 C; Yang et ai. J. 
Org. Chem. 1995, 60, 3887-3889), a method that furnished epothilone A (1) in 62% yield, 
together with smaller amount of its -epoxide epimer 51 (13% yield). Chromatographically 
purified synthetic epothilone A (1 ) exhibited identical properties to those of an authentic 
sample (TLC. HPLC. [)q, iR, 1 H and 13 C NMR, and Mass spec). Further, epexidatsen ©f 
pure 1 with mCPBA (0.8-1.1 equivalents) resulted in the formation of bis(epoxides) 54 (or 
55) (35%) and 55 (or 54) (32%) along with sulfoxide 57 (6%), confirming the C12-C13 ste- 
reochemical assignments shown in Figure 8. Under similar conditions, -isomeric epoxide 
51 was recovered unreacted. 

* 

The trans-oleflnic compound 50 gave rise to another series of epothilones A (5840) ss 
shown in Figure 9. Thus, epoxidation of 50 with 1 .0 equivalent of mCPBA furnished com- 
pounds 58 (or 59) (5%, stereochemistry unassigned), 59 (or 58) (5%, stereochemistry un- 
assigned) and 60 (60%, stereochemistry unassigned). Similarly, epoxidation of 50 with 1 .0 
equivalent of dimethyldioxirane resulted In the formation of 59 (or 59) (1 0%), 89 (or 56) 
(1 0%) and 60 (40%). Interestingly, however, the action of methyl(trtfluoro-methyi)d'K)xirane 
led only to 58 (or 59) (45%) and 59 (or 58) (35%) in a much cleaner fashion. 

In order to expand the epothilone A library, we utilized the 6S,7R-stereoisomer 61 (obtained 
from 47 by CF 3 COOH-induced desilylation in 90% yield) in the olefin metathesis reaction, to 
afford cyclic compounds 62 (J 12 ,13 - M Hz) (20%) and 63 (J 12 ,13 ■ 15.0 Hz) (69%) (Fi- 
gure 10). Epoxfoation of the dihydroxy rnacrocycUc compound 62 with mCPBA (0.8-1.2 
equivalents) in CHCJ3 at -20 to 0*Cgave isomeric epoxides 64 (or 68) (25%) and 66 (or 64) 
(23%). Side-chain epoxide 66 was not isolated in this case. Similarly, did 63 furnished 67 
(or 68) (24%). 68 (or 67) (19%), and 69 (31%) under the same reaction conditions. The ste- 
reochemistry of epothilones 6449 remains unassigned. Again, epoxidation of compounds 
62 and 63 using methyl(tr1fhioromethy0dioxirane resulted in epoxides 64 (or 66) (58%) and 
69 (or 64) (29%). and in epoxides 67 (or 68) (44%) and 68 (or 67) (21 %). respectively, m a 
cleaner fashion (Figure 10). 

in example 1 . we illustrate methods culminating in the total synthesis of epothilone A (1) 
and of analoos bv an olefin metathesis approach. Furthermore, besides defining the scope 
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and limitations of this new methodology in total synthesis, the methods provide a series of 
epothilone A analogs for biological investigations and further chemical explorations. The 
high convergence and relative simplicity of the chemistry involved in this construction make 
this strategy amenable to combinatorial synthesis for the generation of large libraries of 
these structures, as illustrated in a later example. 




maefolaetonization approac h M illustrated in Fiaurea 1 1«19. 



n this example, we illustrate methods tor the total synthesis of both epothilones A (1) and B 
(2) and of a number of analogs using our macrolactonization strategy (Nicolaou Angew. 
Chem. Int Ed. Engl. 1 997, 38, 525-527). The reported strategy relies on a macrolactoniza- 
tion approach and features selective epoxidation of the macrocyde double bond in precur- 
sors 70 and 71 (Figure 1), respectively, as well as high convergency and flexibility. Building 
blocks 76-79 and 82 were constructed by asymmetric processes and coupled via Wlttig, ai- 
dol, and macrolactonization reactions to afford the basic skeleton of epothilones and that of 
several of their analogs by a relatively short route. The utilization of Intermediate 81 , obtai- 
ned via a stereoselective Wlttig reaction and its Enders coupling to SAMP hydrazone 80 
(Figure 1 7). in combination with a stereoselective aidoi reaction with the modified substrate 
1 38 (Figure 1 9) improved the stereoselectivity and efficiency of the total synthesis of these 
new and highly potent microtubule binding antitumor agents. 

- 

A. atmawnthate Analysis 

Rgure 1 1 outlines the macralactonizetion-based retrosynthetic analysis of epothilones A (1 ] 
and B (2). Thus, retroeynthetic removal of the epoxide oxygen from 1 and 2 reveals the 
corresponding Z-oieflns. 70 and 71 , as potential precursors, respectively. The second ma- 
jor retrosynthetic step along this route is the disconnection of the macrocyciic nng at the 
lactone site, leading to hydroxy acids 72 and 73 as possible key iritermediatee. Movtng 
further along the retroaynthrtc path, an aWoWyp. disconnection allow the gener^on of 
keto acid 76 a. a common intermediate, and aldehyde. 74 and 78 aa reasonable budding 
block, for 72 arrf«.re*ectiv^ ^^^^^• n ^^^^* 
metric ally.bor.tion of the correspond axiehyde. foBowed by 
the tormina, olefin. The larger mediates. 74 and 78. c*, b. 
,y dmerent ways. The first disconnection (rout. .) involve . ^^^Tn n, 
Ln^isd bv . numb* of functional group irit*<*angee. leading to compounda 77. 78 a 
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79. The second disconnection, specifically sought for its potential to address the geometry 
issue of the trisubstituted double bond of epothiione B (2) (route b), involves: (i) a retro- 
Enders alkylation, leading to hydrazone 80 and iodide 81 ; and (ii) a retro-Wlttig type discon- 
nection of the latter intermediate (81) to reveal aldehyde 82 and stabilized yiide 83 as po- 
tential building segments. An asymmetric allylboration of 82 then points to Brown's chiral ah 
lylborane, and an aldehyde carrying the required thiazole moiety as potential starting points. 

B. Total Synthesis 

The strategy derived from the retrosynthetic analysis discussed above (Figure 1), required 
building blocks 78-79, 82, and related compounds. Their construction in optically active 
form proceeded as follows. Figure 1 2 summarizes the synthesis of keto acid 78 starting 
with the known keto aldehyde 84. Thus, addition of (+)-lpc 2 B(allyl) to 84 in ether at -100*C 
resulted in the formation of enantiomerically enriched alcohol 88 (74% yield, ee >98% by 
Moaner ester determination). Silyiation of 86 with tert-butykjimethyisilyl triflate (TBSOTf) 
furnished, in 98% yield, silyl ether 88. The conversion of terminal olefin 86 to carboxyflc 
acid 76 was carried out in two steps: (i) ozonoiysis in methylene chloride at -78 # C followed 
by exposure to Ph 3 P to give aldehyde 87 (90% yield); and 00 oxidation of 87 with NaC102 
in the presence of 2-methyl-2-butene and NaH 2 P0 4 in SuOH-H 2 0 (5:1 ) (93% yield). 

The synthesis of the thiazoie-containing fragments 82 and 79 was accomplished as shown 
in Figure 1 2. Thus, the known thiazole derivative 86 was reduced with DIBAL (1 .8 equiva- 
lents, methylene chloride, -78*0)10 aldehyde 69 (90% yield), which reacted with the appro; 
priate stabilized ylide [PtVjP-CfMeJCHq m benzene at 80-C to afford the required (Ej- ,8- 
unsaturated-aldehyde 90 m 98% yield. Addition of (♦Hpc 2 B(aJlyl) to 90 in ether/pentane at 
-100*C gave attyOe ateohol 91 in 96% yield (>97% ee by Mother ester analysis). Protection 
of the hydroxy! group In 91 aa a TBS ether (TBSO, imid., OMF. 99% yield), followed by che- 
moseiective dihydroxyiation (Ot0 4 cat. NMO) of the terminal olefin (95% yield) and 
Pb(OAc) 4 cleavage of the resulting dkX (96% yield), furnished aldehyde 82 via intermediate 
92. Finally. NaBH 4 reduction of 62 (96% yield), followed by todination (l 2 , imidazole, Ph 3 P, 
89% yield) and phcapnonlum salt formation (PtVjP, neat, , 98% yield) gave the requisite 
fragment 79 via the intermediacy of alcohol 93 and iodide 94. 

The construction of aldehyde 77 and ketone 78 proceeded from SAMP hydrazone 80 as 
shown in Roure 13. Thus, reaction of proptonaldehyde with SAMP, furnished 80. which 




WO 98/25929 PCT/EP97/070U 

-61 • 



upon sequential treatment with LDA (THF, 0°C ) and 4-iodo-1-benzyioxybutane (THF, -100 
to 0 °C ) led to compound 99 in 92% yield and >98% de ( 1 H NMR). Cleavage of the hydra- 
zone moiety by exposure to ozone (methylene chloride, -78°C , 77% yield), or by treatment 
with Mel at 60 °C followed by acidic workup (aq HCI, 86% yield), followed by NaBH 4 re- 
duction of the resulting aldehyde (99), furnished alcohol 97 in 98% yield. The latter com- 
pound (97) was then silylated with TBSCI in methylene chloride in the presence of EtgN and 
4-DMAP to afford silyi ether 98 in 95% yield. Cleavage of the benzyl ether in 98 by hydro- 
genolysis [H2. Pd(OH)2 cat, THF, 50 pst"}, gave primary alcohol 99 (95% yield), which was 
smoothly oxidized to the desired aldehyde 77 under Swern conditions [(COCO2. OMSO, 
Et 3 N. 98% yield]. Addition of MeMgBr to 77 proceeded in 84% yield, and was followed by 
TPAP-NMO oxidation of the resulting secondary alcohol (100) to give the other required 
building block, ketone 78, in 96% yield (Figure 13). 

■ 

With the appropriate building blocks at hand the convergent approach to epothilonea A (1) 
and B (2) could now enter its second phase. 




2. 



The couplings of building blocks 76, 77 and 79 and the total synthesis of epothilone A (1) 
and its 6S,7R-diastereoisomers (111 and 112) are shown in Figure 14. Thus, generation of 
the ylide from phosphonium salt 79 with sodium bis(trimethylsilyl)amide (NaHMOS), followed 
by reaction with aldehyde 77 resulted in the formation of the desired Z-olefin 101 (J<| 2t i 3 ■ 
1 0.8 Hz, obtained from decoupling experiments) as the predominant product in 77% yield, 
[2;B ca 9:1 : the minor isomer (E) was removed chromatographies^ In subsequent steps]. 
Parenthetically, key intermediate 101 was also prepared by WHttg coupling of phosphonium 
salt 114 and aldehyde 82 in a reversal of the reacting functionalities of the two fragments as 
shown in Figure 15. Thus, alcohol 98 was dlrectfy converted to iodide 113 by the action of 
l 2 , imidazole, and PH3P (91% yield), and then to phosphonium salt 114 by heating with 
Ph 3 P (trirtenylptosphine) (91% yield). Generation of the ylide from 114 with equimolar 
amounts of NaHMOS in THF, followed by reaction with aldehyde 62 yielded Z-olefln 101 in 
69% and in ca 9:1 ratio with its E-isomer. 

Returning to F.gure 14. selective desilylation of the primary hydroxy! group from 101. was 
achieved by the action of camphorsulfonic acid (CSA) in MeOH: Methylene chloride (1 :1). 
leading to hydroxy compound 102 in 88% yi-d. Oxid^of 102to^^74 v^en 
carried out using SOypyr., OMSO and Et 3 N (94% yield). With the availability of 74. we 
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were then in a position to investigate its aldol condensation with keto acid 76. It was found 
that the optimum conditions for this coupling reaction required generation of the dilithiode- 
rivative of 76 (1 .2 equivalents) with 3.0 equivalents of lithium diisopropytamide (IDA) in THF 
(-78 to -40°C ), followed by addition of aldehyde 74 (1 .0 equivalent), resulting in the for- 
mation of a mixture of the desired product 103a arid its 6S,7R-diastereoisomer 103b in ca 
1 :1 ratio and in high yield. Despite the lack of stereoselectivity in this reaction, the result 
was welcome at least with regard to the prospect it provided for the construction of the 
6S.7R-diastereoisomer of epothilones A and B. This mixture was then carried through to 
the stage of carboxylic acids 106 and 106 (Figure 14), where it was chromatographicalty 
separated to its components. Thus, exposure of 103a/103b to excess of TBSOTf and 2,6- 
lutidine furnished a mixture of tetra-silylated products 104a/104b. which was then briefly 
treated with K 2 C0 3 in MeOH 2 to afford, after silica gel flash or preparative layer chromato- 
graphy, carboxylic acids 106 (31% overall yield from 7) and 106 (30% overall yield from 74) 
(105: Rf = 0.61 ; 39: Rf - 0.70, silica gel, 5% MeOH in Methylene chloride). The indicated 
stereochemistry at C7 and C6 in compounds 108 and 106 was assigned later and was ba- 
sed on the successful conversion of 106 to epothilone A (1) as described below. 

At this stage, it was necessary to selectively remove the TBS group from the allyllc hydroxy! 
group of 105. so as to allow macrolactonization of the seco-add substrate (72). This goal 
was achieved by treatment of 38 with tetra-n-butyiammonajm fluoride (TBAF) in THF at 
25'C . generating the desired hydroxy acid 72 in 78% yield. The key macrolactonization re- 
action of 72 was carried out using the Yamaguchi method (2.4.6-tnttlofobenzoyl chloride. 
EtgN, 4-DMAP) at 25 # C. affording compound 108 in 90% yield. Removal of both TBS 
groups from 108 (CF3COOH. Methylene chloride, 0*C) furnished diol 70 in 92% yield. Final- 
ly, treatment of 70 with metty1(WluorometiTy0dk^ led cleanly to epothilone A (1) (62% 
yield) and its -epoxide epimer (13% yield). Synthetic epothilone A (1) was chromatographi- 
cally purified (preparative thin layer chromatography, silica gel) and exhibited identical pro- 
oerties to those of an authentic sample (TLC, HPLC. []D, IR. 1 H and NMR and HRMS). 



A similar sequence was followed for the synthesis of the es./H-diastereowom*™ 
112 of epothilone A (1) from compound 108 (Figure 14) via intermediates 107 (82% yield 
from 108). 108 (85% yield from 107), and 110 (95% yield from 108). Epothilone 111 was 
obtained as the major product, together with its -epoxide epimer 112 (87% total yield, ca 
2:1 ratio) from oieflnic precursor 1 10 by nnetnyl(trifluoromethyl)(Jioxirane epoxidatton. 
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The first approach to epothitone B (2) was designed with the aim of delivering, not only the 
natural substance, but also its 1 2S-diastereoisomer 123 (Figure 16), which in turn required 
the generation of both 12Z- and l2E-olefins. To this end, the ylide generated from phos- 
phonium salt 79 with equimolar amounts of NaHMOS in THF, was reacted with ketone 78 to 
afford a mixture of Z- and E-olefins 1 13 (ca 1 :1 ratio) in 73% total yield. This mixture was 
carried through the sequence to the stage of cartoxyiic adds 119 and 120 (see Figure 16 
for details), which were chromatographics!!*/ separable. Carboxytta acid 120 (mixture of ge- 
ometrical isomers) with the wrong stereochemistry at C8 and C7 (6S.7R) was abandoned at 
this stage, whereas the mixture of Z- and E-isomera 119 with the correct stereochemistry at 
C8 and C7 (6R.7S) was taken to the macrolactone stage (compounds 121 and 122) via hy- 
droxy acid 6*. by (I) selective desilytation of the C15 hydroxy! group (TBAF, THF. 75% 
yield); and (ii) Yamaguchi cydization (37% yield of 121. plus 40% of 122). Deprotection of 
bis(silylether) 121 by treatment with CF3COOH in methylene chloride afforded dtol 71 in 
91% yield. Finally, epoxidation of 71 with mCPBA in benzene at 3*C gave epothHone B (2), 
together with its a-epoxide epimer 124 in 66% total yield and ca 5:1 ratio ( 1 H NMR) while 
the use of dimethyldioxlrane, gave 2 and 124 In 75% total yield in the same ratio (ca 5 : 1 in 
favor of 2). Epoxidation of 71 with methyl(trtfluorometnyOdtoxirane in CH3CN at 0*C impro- 
ved the yield of epothitone B (2) and its -epimer 124 to 85%, but did not significantly chan- 
ge the diastereoseiectivity of the reaction. Epothitone B (2) was purified by silica gel prepa- 
rative layer chromatography and exhibited identical properties (TLC, HPLC, ( Jq. IR. 1 H and 
1 3 C NMR, and HRMS) with those .of an authentic sample. 

By the same sequence, and in similar yields, the macrocyde 122 containing the E-endocyc- 
lic double bond (Figure 16), was converted to the l2S-epimeric epothitone B 125 and its - 
epoxy epimer 126 vie diiydroxy macrocydic compound 123 (epoxidation with methyl(triflu- 
ororriethyOdtoxirane). 

In order to improve the efficiency of the route to epothitone B (2). a more stereoselective to- 
tal synthesis was devised and executed as follows. Figure 17 addresses the stereoselecti- 
ve construction of intermediate 76 with the 122-geometry. Thus, condensation of the stabi- 
lized ylide 63 (obtained from 4-bromo-l -butane by. (1) phospnonhim salt formation; 00 anion 
formation with NaHMDS; and 08) quenching with MeOC(O)Cf) with aJdehyde 62 proceeded 
smoothly to afford olefin* compound 127 in 95% yield and as a single isomer. Reduction 
of the methyl ester in 127 with DIBAL resulted in the formation of silyttc alcohol 128 (98% 
yield), which was deoxygenated by first reacting It with P^P-CO*. and thence with 
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LiEt3BH, to afford the desired trisubstituted 1 22-olefin 130, via chloride 129, in 82% overall 
yield. The latter compound 130 was regioselecth/ely hydro borated with 9-BBN and conver- 
ted to the primary alcohol 131 (91%), which was then treated with ^-imidazole-Pt^P to 
afford iodide 81 (92% yield). This iodide was then used in an Enders alkytation reaction 
with SAMP hydrazone 80 to give compound 132 as a single isomer ( 1 H NMR) and in 70% 
yield. Treatment of hydrazone 132 with monoperoxyphthaiic acid magnesium salt (MMPP) 
in MeOH:phosphate pH 7 buffer (1 :1) resulted in dean conversion to nitrile 133 (80% yield), 
which formed aldehyde 78 (82% yield) upon exposure to DIBAL at -78°C in toluene solu- 
tion. 

■ 

The homogeneous aldehyde 78 was converted to epothilone B (2) by the sequence depic- 
ted in Figure 1 8. Thus, condensation of the dianion of 76 with 78 as before (Figure 16), 
produced two diastereoisomers, 117a (6R.7S stereoisomer) and 117b (6S.7R stereoisomer) 
in high yield, and in ca 1 .3:1 .0 ratio (1 17a:1 17b). This mixture was carried through the indi- 
cated sequence to carboxytic acids 1 19 (32% overall yield from 78) and 1 19 (28% overall 
yield from 78), which were separated by silica gel preparative layer or flash column chroma- 
tography and taken individually further along the sequence as described for the correspon- 
ding stereoisomeric mixtures shown in Figure 16. Thus, 119 was selectively deprotected 
with TBAF to afford hydroxy add 73 (73% yield), which was then cydized to macrolactone 
121 in 77% yield by the Yamaguchi method. The conversion of 121 to epothilone B (2) and 
its -epoxide epimer 119 has already been described above (Figure 16). 

In an effort to improve the diastereoselectlvity of the sJdol condensation between CI -C6 
and C7-C1 5 fragments, the following chemistry was explored (Figure 19). Thus, ketone 136 
(prepared from ketone 67, Figure. 12, by selective reduction, followed by silylatton) was con- 
verted to its enolat* with stoichiometric anwunts of LDA arMj ree^ wim akJetiyde 76 (2- 
isomer), affording coupling product. 137 and 138 in 85% total yield and ca 3:1 ratio, with 
the desired compound 137 predominating ae proven 

lone B (2). Thus, dvomatogmphte purtflcaton (silica gel. 20% ether m hexanes) led to 137. 
which was effidentfy transformed to the previously synthesized intermediate 119 (Figure 18) 
as follows. The newly generated hydroxy! group in 137 was silylated with TBSOTf-2,6-luti- 
lo furnish 1 39 (96% yield), which was then selectively desilylated at the pnmaiy pceitt- 
r the mild action of camphorsultenic acid (CSA) in MeOH-Methylene chloride, leading 
0 (85%). Finally, sequential oxidation of the primary alcohol with (COCO2-OMSOB3N 

, yield) and Nad0 2 -NaH 2 P 0 4 P°* to W 0 ** 119 

ionversion of 119 to 2 has already been described above (Figure 18). This sequence 



* 
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represents a stereoselective and highly efficient synthesis of epothilone B (2) and opens the 
way for the construction of further analogs within this important family of microtubule bin- 
ding agents. 

The chemistry described in this example defines a concise methodology for the construction 
of epothilones A (1) and B (2) based on a macrolaetonization strategy, and which enjoys 
convergency and flexibility for structural diversity. The methodology is not limited to epothi- 
lones A (1) and B (2), but can be extended to numerous intermediates and structural ana- 
logs included herein. In addition, the resultant analogs will play a crucial role in elucidating 
structure-activity relationships of these new substances and in determining their relevance 
to cancer chemotherapy. Binding assays, vida infra, have demonstrated that compounds 
70, 71, 123 and 128 show binding affinities to microtubules comparable to those of epothi- 
lones A (1), B (2), and Taxol™. 

Example 3: Sgjfrf ohaae synthesis of the e 

\\ ynd Figures 4 




In this example, we demonstrate the first solid phase synthesis of epothilone A (1) and the 
total synthesis of epothilone B (2), the generation of a small epothilone library, and the iden- 
tification of a synthetic epothilone that interacts with tubulin more potently than epothilones 
A (1) and B (2) and Taxot (Figures 20-2* and Figures 49-50). The solid phase construction 
of 1 may herald a new era of natural products synthesis and, together with the solution pha- 
se synthesis of 2, paves the way for the generation of large combinatorial libraries of these 
important molecules tor btotogfcsJ screening. 

The strategy lor the solid phase synthesis of epomilone A (1) was based on ma retrosynths- 
tic analysis indicated In Figure 20 (Nicoiaou et ai. Angew. Chem. Int Ed. Engl. 35, 2399- 
2401 (1998); Yang etal. Angew. Chem. Int Ed. Engl. 38, 188-168 (1997)). Thus, it was an- 
ticipated that the three requisite fragments (143-148). one on a solid support (148), would 
be coupled together sequentially through an aJdoi reaction, an esterlfication resction and 
an olefin metathesis ruction, the latter simuftanecusly cycling and liberating the preset 
from the solid support (144*148*143 leads to 142 which lead, to 141; Figure «-» 
desilylation and epeddation reaction would than complete the ^^^^ 
A (1) and analogue, thereof (141 .Mds to 1; Rgurs 20). The outiook f^^^ 
ducts at each of the aldo.. metathesis, and epoxJdatton steps was cohered advantageous 
for the ourooses of library generation. 
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As illustrated in Figure 21, Merrifield resin (146) was converted to phosphonium salt 147 in 
>90% yield by sequential reaction with: (i) 1 ,4-butanediol-NaH-n-Bu 4 NI catalyst; 00 P^P- 
iodine-imidazole; and (iii) Pr^P. Preferred alternative resins, other than the Merrifield resin, 
employable in this procedure include PEG-polystyrene, hydroxymethyl polystyrene, formyl 
polystyrene, aminomethyl polystyrene and phenolic polystyrene. Ylide 14a generated from 
147 by the action of NaHMDS in THRDMSO at 25°C, reacted with aldehyde 149 at 0*C to 
form olefinic compound 150 in >70% yield. The geometry of the double bond in 150 was 
tentatively assigned as 2, but its geometry was neither rigorously determined nor did it mat- 
ter for our purposes. Desilylation of 150 with HF»pyr., followed by Swem oxidation of the 
resulting primary alcohol furnished aldehyde 145 in high yield (>95%). The aldoi condensa- 
tion of the polymer-bound aldehyde 145 with the dianion derived from keto acid 144 in the 
presence of ZnCI 2 in THF gave a mixture of diastereoisomers (ca 90% yield, ca 1 :1 ratio). 
Finally, introduction of the heterocyclic segment 143 onto the growing substrate was achie- 
ved by esterification, leading to the required precursor 158 in ca 60% yield. Exposure of 
152 to RuCI 2 («CHPh)(PCy3)2 catalyst (153) in methylene chloride at 25'C released from 
the resin olefinic compounds 154-155 and 141 (52% total yield, 154:155:155:141 ca 3:3:1:5 
as determined by HPLC). Compounds 154-155 and 141 could be separated either by HPLC 
or by preparative layer silica gel chromatography, and the two with the correct C6-C7 stere- 
ochemistry (e.g. 155 and 141) went desilytated by exposure to TFA to afford epothilone pre 
cursors 157 (92%) and 155 (90%). respectively. Epoxidation of 157 and 158 with trifluoro- 
(methyl)dioxirane then furnished epothilone A (1. 70%) and Its diastereoisomer 159 (45%). 
respectively. The -epoxy isomers of 1 and 159 were also obtained in these epoxidation re- 
actions; Pure synthetic epothilone A (1) exhibited identical properties (TLC. [ ] D , 1 H and 
1 NMR, IR and HRMS) to those of an authentic sample (Figure 21 ). 

The solid phase synthesis of epothilone A (1) described herein (Figures 20-24 and Figures 
49-50) represents a new concept tor the total synthesis of natural products, traces a highly 
efficient pathway to the naturally occurring epothitonea, and opens the way for the genera- 
tion of large combinatorial epothilone libraries. The biological results demonstrate that mor 
potent microtubule binding analogues than the parent epothitonee can be obtained (e.g. 
compound 71 ; biological results vida infra) by chemical synthesis. Furthermore, our findin? 
point to lipophilic substituents rather than the epoxide moiety as important elements for bin 
ding activity. 
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The epothilone library (Rgures 24-25) was designed without a methyl group at C-8 (the ne- 
cessity of this methyl group for biological activity will be tested first through the synthesis of 
8-nor epothilone A prior to undertaking the construction of this library) for simplicity. The 
C1 -C5 fragment is varied as outlined in Rgures 24-25, whereas the stereochemistry at C-6, 
C-7, C-12 and C-15 is deliberately varied to multiply the number of compounds by two for 
each center. In addition, groups R1 , R3 and R4 also vary. The requisite building blocks 
(boxes, lower part of Rgures 24-25) are known in the prior art and synthesized by standard 
methods; solid support is prepared from polystyrene as shown in Rgures 24-25. The ©no- 
lates of the corresponding ketoarids are generated by the action of IDA and the aidoi pro* 
ducts are derivatized with R3 and condensed with 168 to afford 166. Palladium catalyzed 
coupling of 166 with specific aromatic stannanes, followed by olefin metathesis, form the 
macroring and simultaneously release the substrate from the solid support The remaining 
two steps are carried out in solution. The epoxidation is carried out using a solid phase* 
bound peracid or dimethyioxirane, (for minimal work-up procedures) and the desilyiation 
step is conveniently achieved by HF-pyr in methylene chloride. The final products are ge- 
nerally pure enough for characterization and biological assay (or they can, if necessary, be 
purified by H PLC) and their numbers may vary from hundreds to thousands (see description 
of figures section for figure 25 for a calculation of such a library). 

Example 4. 




in this example, we report the total synthesis of a novel series of designed epothilones with 
an oxygen instead of a sulfur atom at position 20 (see Figure 24). The name epoxalones 
(ep for epoxide, oxa for oxazole, one for ketone; cf epothilone: ep for epoxide, thi for 
thiazoie. one for ketone) it proposed for this new class of compounds. These compounds 
represent a preferred embodiment of the invention. 

The synthesis of the epoxalone A series was based on our olefin metathesis strategy to- 
wards epothilone A (1). This highly convergent and flexible sequence led to the construc- 
tion of compounds 101, 168, 160, 170, 171, 172, 175, 175, 177, 175, 175, and 160 in rapid 
fashion starting with building blocks 7. 6 and 163 (Figure 25). Thus, asymrnetric allylbora- 
tion of aldehyde 162 (obtained via the procedure by Kende et ai. Tetrahedron Lett. 1995, 
36, 4741-4744) with Brown's W-lpc2B(anyl) In et 2 0*entane at -100-C furnished com- 
pound 163 in 91% yield and >98%ee. This alcohol waa esterifled wilh the mixture ofcar- 
boxvf ie acids 45 and 46 (ca. 5:3 ratio) obtained by aldol condensation of fragments 8 and 7 



WO 98/25929 



•68* 



PCT/EP97/07011 



to afford compounds 164 and 165 as a ca. 5:3 mixture (82% total yield). Chromatographic 
separation (flash column, silica gel, 20% EtOAc in hexanes) of this mixture gave pure dia- 
stereoisomers 164 and 168. 

Subjection of precursor 164 (possessing the correct C6-C7 stereochemistry) to the olefin 
metathesis reaction [RuCl2(»CHPh)(PCy3)2. CH^C^- 25*C] resulted in the formation of 
cyclic olefins 166 (40% yield) and 167 (29% yield) which were chromato graphically sepa- 
rated (flash column, silica gel, 20% EtOAc in hexanes, 1:1) (Figure 26). Exposure of 166 to 
20% trifluoroacetic acid in CH 2 CI 2 at 25*C furnished diol 168 in 89% yield. Similar treat- 
ment of 167 led to 169 (95% yield). Epoxidation of 168 with methyl(trifluoromethyl)dioxirane 
furnished epoxides 161 (34% yield) and 170 (15% yield) which were separated by prepara- 
tive layer chromatography (silica gel. 75% EtOAc in hexanes). Similar treatment of 169 led 
to epoxides 171 (25%) and 172 (20%) (as illustrated in Figure 26). 

A parallel sequence starting with diastereoisomer 166 led to the 6S.7R series of epoxatones- 
175-180 as summarized in Figure 27. 

The synthesized compounds (161, 168, 169, 170, 171, 172, 175, 178, 177, 178, 179, and 
1 80) were tested for their tubulin assembly properties using the Rltratton-Cotorimetric Assay 
(outlined vidi infra) at 20 mM concentrations at 30*C and with pure tubulin. The most po- 
tent ones (161, 188, 189, 171 and 172) were then assayed at 0.1, 1.0, 2.0, 3.0, 4.0 and 5.0 
mM concentrations under the same conditions leading to the plots shown in Figure 28. 
Thus, both epoxaiones 161 and 171 were found to be more potent than Taxol in inducing 
tubulin polymerization, whereat compounds 188. 189 and 172 showed comparable or 
slighlty less potencies than Taxol. The high potency of the trane^poxide epoxalone 171 is 
perhaps the moat striking observation in these studies and holds true for the corresponding 
trans-epoxkjes of epotheonee A and B. 

The implementation of the rnacrolettonizatien strategy towards the oxazote series of epothi- 
lones B proceeded along a similar path developed for the corresponding thiazole series of 
epothilones. F.gure 31 shows the stereoselective construction of the requisite aldehyde 
217 and phosphonium salt 220 starting with the readily available oxazole derivative 213. 
Thus, asymmetric addition of W-lpcjBtallyl) to aldehyde 213 (see Figure 31). as described 
in the preceding section gave alcohol 214. Silyiation of 214 with TBSCI (tor abbreviations, 
see description of figures) and imidazole gave 98% yield of silylether 215. Selective diny- 
droxyiation of the terminal olefin in 21 5 employing the Upjohn procedure (NMOOsO. cat). 
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followed by NaJ0 4 cleavage of the resulting diol led to aldehyde 217 in excellent yield 
(93%). Reduction of the aldehyde group in 21 7 with NeBH 4 (99% yield) followed by expo- 
sure to Pi^P-l^imidazole furnished iodide 21 9 (87% yield) via primary alcohol 21 8. Finally, 
heating of 21 9 with Pt^P at 100 *C gave phosphonium salt 220 in 90% yield. 

In order to obtain both the 12E- and 1 22-isomers of epothitone B analogs, we initially under- 
took the nor*- stereoselective synthesis depicted in Figures 32 and 33 in which the first step 
involves a Wtttig reaction, yielding a 1:1 mixture of geometrical isomers. Thus, generation of 
the yttd« from phosphonium salt 220 by the action of NaHMOS in THF at -20 'C, followed by 
addition of ketone 221 . furnished compound 222 in 68% yield as a 1:1 mixture of EZ iso- 
mers. Preparation of the desired aldehyde 224 from 222 required selective desirytaten of 
the primary hydroxy! group (CSA, CHjCJ^MeOH, 0 to 25 'C, 92% yield) and oxidation of 
the resulting alcohol (223) with S03»pyr.-OMSO-Et3N (98% yield). 

The condensation of aldehyde 224 (mixture of 12E- and 122-geometrical isomers, Rgure2 
32 and 33) with the anion derived from ketone (LDA, THF) proceeded smoothly at -78 *C to 
afford a mixture of dlastereomeric aldoia 228 and 227 (ca 4:1 rate) in 73% combined yield. 
Chromatographic separation (stflca, preparative layer) led to pure 2228 and 227, each con- 
sisting of E- and Z- g eometri ca l isomers (ca. 1:1). Only the 5R7S diastereoisomer 228 
(lees polar mixture of 01 2,13 geometricai isomers) was taken forward (polarity and compa- 
rison with the natural series was used as s guide to choose the desired eRJS-diasteraoiso- 
mer at thia stage). The geometrical isomers were separated after the rracrolactonization 
reaction (vide infra). 

The nead ta^ In trie lyntheeit wee to prepare 

droxy group in 226 wee siylated (TBSOTT.2.6-iut»dine, 98%) to afford tris(silyiethsr) and . 
U in soloctNoty JsyUsxted it trie primary poaWon by -r~"~ to rftA * MeOH.CH^ at 
0 to 28 *C leading to 228 (88% yield). A stepwise protocol was used to oxidize primary al- 
cohol to th9 desired eartoxvtie add: (0 (COO)2-OMSO-B3N, -78 to 0 *C. yielding aldehyde 
(94% yield): and 00 NaC102-2-me!hyt-2-butene. NaH*PO«, furnishing add (99% yield). Se- 
lective desiiytatxjn at the sllyllc position with TBAF in THF then gave rtydroxyaod in 78% 

yield. 

YamagucM mecrola^eflWIon of hydros 
yte«orlo>BtJ^MAP. h^ 

grephy (silica, 20% elher/hex^ 35%) and 230 (Rf - 0.20, 
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42%). The identity of 229 was proven by comparison with an authentic sample prepared by 
a stereoselective route. D« protection of 229 and 230 was carried out with HP*pyr. in THF at 
25 °C and furnished diols 231 (62% yield) and 232 (82% yield), respectively. Finally, epoxi- 
dation of 231 and 232 with mCPBA in CHCI 9 at 0 *C furnished the corresponding a- and 

epoxides (2+30, 40% total yield, ca 5:1 ratio, and 31 +32. 45% total yield, ca 6:1 ratio). The 
stereochemical assignments shown in Figure 33 for these compounds are tentative and are 
exclusively based on comparisons with the series related to natural epothiiohe B. 

A stereoselective synthesis of the 01 2,1 3-series of the cxsxoie-ccntsining epcthiionss 
(231 , 233 and 234) was also developed and is shown in Schemes 33, 34 and 35. Thus, the 
desired geometry of the 012,13 position was fixed by condensation of the stabilized ylide 
(Figure 34) with aldehyde 217 (benzene, D), a reaction that led to 90% yield of compound 
237. Subsequent reduction of the ester group of 237 (DIBAL. CH2Q2. -78 *C. 99% yield), 
chlorination (PI^P. CCI 4 , D, 81%), and further reduction (LiEt 3 BH, THF, 0 *C, 97% yield) 
furnished intermediate 240 via allytlc alcohol 238 and chloride 239. Selective hydroboration 
of 240 at the terminal olefin site was achieved by the use of 9-BBN, and after oxidative work 
up, primary alcohol 241 was obtained in 92% yield. Conversion of 241 to iodide 242 was 
subsequently carried out by the standard i^imidazoie-FtvjP procedure (89% yield). The io- 
dide 242 was then used to alkylate fte SAMP hydrazone (IDA, THF, -100 to -20 'C), furni- 
shing hydrazone 243 in 70% yield. The latter compound (243) wo then transformed se- 
quentially to nitriie 244 (MMPP, MaOH-phoaphata buffer pH 7, 0 *C, 46% yiald). and thence 
to aldehyde 224 (DIBAL toluene, -78 'C, 84% yield). 

The aktol condensation of the lltttoderivative of the ketone with stereochemical^ homoge- 
neous aJdehyde 224 (Figure 35) proceeded In a simile/ faeh^ 
ture described above, Ming to pure compounds 245 and 246. After chromatographic se- 
paration, the pure 6R7*- datttaT e dsom or 246 [tentative assignment of stereochemistry ba- 
sed on polarity (lata polar) and companeon to tha natund sariea) waa taken through 
guence, and on to the fine* producta 233 as detailed in Figure 36. 



Example 5. 




Applying the olefin matathaaia approach to apo^ 

cyclopropane containing epothilone A analogs. Theee compounds consi dersi^ e nrich IN 
known epothitone libraries in tarma of nwlacular c^wslty and nuiiibara. Biological inves* 
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gations with these analogs established useful structure-activity relationships within this im- 
portant class of compounds. Interestingly, while the oxazole series of compounds exhibited 
comparable tubulin polymerization activity and cytotoxicity to the corresponding thiazole se- 
ries, the 4.4-ethano-epothilones proved inactive. These results underscore the importance 
of conformational precision in these compounds for biological action. 



the same retro synthetic rationale as the one outlined above for the oxazole ana- 
logs, the 4,4-ethane epofhllene A was analyzed as shown in Figure 40. This time, the ana- 
lysis led to building blocks 271 , 7 and 272. The latter compound (272) was easily traced to 
0-ketoester 275 via intermediates 273 and 274. The forward construction of 267 and its 

congeners proceeded as follows. 



We began with the synthesis of cydopropyt-kttoadd 31 (Figure 41). Thus, reaction of 1 ,2- 
dibromoethane with ethyl proptonyiacetate (275) in the presence of K2CO3 at ambient tem- 
perature resulted in the formation of cydopropyl ketoeeter 278 (80% yield). Reduction of 
the ester- and keto- groups with UAIH 4 (93% yield) followed by Sworn oxidation of the re- 
sulting dioi [(COCO2; OMSO; Et 3 N) furnished ketoaJdehyde 274 in 84% yield. Chemo- and 
stereoselective addition of (♦)-lpe 2 B(ailyO to aldehyde 274 (>85% ee by Mosher ester ana- 
lysis), followed by silyfatfon (TBSOTf. 2,6-lutfdlne) of the generated secondary alcohol, gave 
silyl ether 273. Finally, cleavage of the terminal olefin in 273 with Nai0 4 in the presence of 
catalytic amounts of RuC^-HjO In MeCN-HjO-CCU (2:3:2) at 25 *C yielded the desired ke 
toacid 272 in 43% overall yield from cydopropyl ketoaJdehyde 274. 

The dianion of kotoadd 272 (LDA in THF at -30 *C) reacted with aldehyde 7 to form aJdols 
270 and 277 In ca. 23 (ratio by 1 H NMR) (Figure 42). Tha coupling of the mixture of 270 
and 277 with fragment 271 was facilitated by EDC and 4-OMAP and the resulting hydroxy- 
esters were chron^atographically separated to afford pure 289(15%) and 278 (38%). 

Ring closure of advanced intermediate 289 and epoxkJation of the deeilylated cyclic dtole 
are shown in Figure 43. Thus, stirring of 289 with RuCI 2 («CHPh)(PCy3) 2 catalyst in 
CH 2 a 2 at 25 'C followed by chrornatographic separation (sice get. preparative thin layer) 
furnished da- and traiis-olefWts 268 ^ ™ ,COf 
responding diole 280 (85% yield) and 281 (62% yield) were obtained by treating the reapec 
tive silyl ethers with 25% HPpyr. in THF at ambient temperature. Finally, epoxidation of 
280 with methyl (WfluoromethyOdloxirane gave epoxJdee 287 (or 282) (50% yield) and 282 
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(or 267) (29% yield), whereas similar treatment of 281 furnished 283 (or 284) (1 1% yield) 
and 284 (or 283) (31% yield). The stereochemistry of epoxides 267, 282-4 is unassigned. 
The other aldol product, compound 278, was processed in a similar way as described abo- 
ve for 269, furnishing the 4,4-ethano-epothilone A analogs 287-292 as shown in Figure 44. 
Again, the stereochemical details of these compounds remain unassigned. 

3. Macrolactonization Approach 

The 4,4-ethano analogs of epothilones B were designed in order to test the tolerance of the 
receptor site for the substitution of the gem-dimethyl group of the natural substance. As the 
retrosynthetic analysis of Figure 45 succinctly shows, the requisite fragments for the synthe- 
sis of the designed 4,4-ethano-epothilone B (267) and its relatives, are defined as frag- 
ments 75 and 294. The synthesis of building block 294 was described in conjuctwn with the 
stereoselective total synthesis of epothflone B, whereas that of building block 294 is shown 
in Figure 46. 

Thus, the ketocyclopropane derivative 273 (Figure 46). described in the preceding section 
was subjected to ozonotysis and subsequent reduction with PtvjP to afford aldehyde 295 in 
90% yield. Further reduction {UAJ(OtBu)3H. THF, -78 *q, followed by silylation of the resul- 
ting primary alcohol 296 (TBSCI. Et 3 N. 4-DMAP) furnished ketocyclopropane fragment 294 
in 83% overall yield. 

Figure 47 details the coupling of fragments 294 and 75 and the assembly of a series of 4,4- 
ethano-epothilone B analogs. Thus, generation of the lithium enoiate of ketone 294 with 
LDA in THF at -78 *C to -60 *C. followed by addition of aldehyde 75 resulted in the forma- 
tion of aidols 297 and 296 in ca 1:2 ratio and 71% total yield. Stereochemical assignments 
were based on a X-«y oyetaiogrtphic analysis of a subsequent lntern>ediate. and wiH be 
discussed below. The difference m the ratio of aldol products between frsgments 298 (ca 
1 :2, Figure 47) and 297 (ca 4:1 , see Figure 36) is rather striking, and It may have its origin 
in the effect of the cycloprop a ne ring on the transition stats of the reaction. The two dlaste- 
reomeric aldol products 297 and 298 were chromatographically separated (silica, flash co- 
lumn chromatography) and pro cess ed separately in order to obtain both the 6S.7R and 
6R.7S series of compounds. 

Thus, stereoisomer 297 (Figure 47) was silytated with TBSOTf and 2,6-lutidine affording 
MMether) 299 in 92% yield, and then exposed to the action of CSA in CH2O2:Me0H at 
live hydroxy bis(silylether) 301 (74% yield) in which only the primary hydroxy! 
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group was liberated. Stepwise oxidation of 301 with: (i) (COCI)a. DMSO, EtjN. -78 to 0 'C. 
96% yield, and (ii) NaClOa, 2-methyl-2-butene. NaHiPO* 91% yield, gave sequentially alde- 
hyde 303 and carboxylic acid 305. Selective desifylation of 305 with TBAF in THF at 25 *C 
furnished the desired hydroxyacid 293 in 62% yield 

The intended macroiactonization of 293 was accomplished by the Yamaguchi method 
(2,4,6-tnchforobenzoylchloride, EtiN, 4-DMAP, toluene, 25 *C, high dilution), furnishing 
compound 308 in 70% yield. Exposure of 308 to HP«pvr. in THF at 25 *C resulted in the re- 
moval of both silyl groups, leading to diot 268 in 92% yield. Finally, epoxidation of 268 with 
(trifluoromethyl)methyidioxirane in MeCN resulted in the formation of epothilone 3 analogs 
267 and 311 in ca 8:1 ratio (by 1 H NMR) and 86% total yield. Preparative thin layer 
chromatography (silica, 5% MeOH in CHjCy gave pure epothilone 8 analogs 267 and 312. 

The same chemistry was performed with diaatereoisomer 298 (Figure 47) leading to epothi- 
lone B analogs 310, 31 2 and 31 3 via intermediates in similar yields to those described for 
297. The latter compound (309) crystallized as long needles from MeOH-EtOH (mp. 1 57 *C) 
and provided for X-ray crystallography analysis which revealed its stereochemical structure 
(see ORTEP drawing in Figure 48). 



Example 6. Solid Pnasa synthesis of d 





of compounds 
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n this example, we illustrate (a) the solid phase synthesis of several epothilone A analogs 
sased on a cc^natortai approach; (b) the tubulin assembly properties of an extensive II- 
srary of compounds; and (c) the cytotoxic actlw against breast art 
:eils (inducing a number of Taxoi-resistant tumor cei lines) of a selected number of these 
designed spothHonst. The results provide comprehensive iriformsDon on structure-activity 
•eiatlonships of epothBonea and set the foundation for their further development 

rhe structtirea of epotMtonee are 

certain stereocentere, the geometry of the double borwJs, the st«e d the ririo^ and the nati 

re of their substituents. Our synthetic strategies towards these molecules were, therefore. 

designed on the premiss of modifying these elements so as to reach optimum molecular dl 

,ersrtyar*l obtain a maximum riun^d^ 
of an epothilone librae obtained by solutkMi art 

scribed vide supra Biological screening of thess compounds was expected to lesd to the 
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establishment of sufficient structure-activity relationships to allow the next phase of the 
gram, the design, synthesis and identification of potential drug candidates, to pro ce ed 
a narrower track. 



The strategy for the construction of a library of epothilone A analogs was based on our epo- 
thilone A and an established variation of solid phase synthesis using Radiofrequency Enco- 
ded Combinatorial (REC™) chemistry (Nicolaou et al. Angew. Chem. 1998, 707, 2476- 
2479; Angew. Chem. Int. Ed. Engl 1995, 34, 2289-2291; Moran et al. J. Am. Chem. Soc. 
1995, 117, 10787-10788). Rgure 50 summarizes the synthesis of a library of 12,13-deso- 
xyepothiiones A from the three key fragments genericalty denoted aa 330, 331 and 132. 
Thus, SMART Microreactors* 1- containing Memfield resin were smoothly converted to Micro- 
reactors 148 by chain extension and phosphonium salt formation as outlined in Figure 50 
(the reported combinatorial chemistry was performed using MicroKans™, while a single 
MicroTube™ was utilized to synthesize a set of four epothitones A (i.e. 423. 428, 469 and 
460, Figures 64 and 65)). Phosphonium salt resin 146 was then sorted according to the ra- 
diofrequency tag and treated with NaHMDS to generate the corresponding ylWes which we- 
re reacted with the aldehydes 330. The SMART Microreactors 333 were pooled for washing 
and subsequent deproteedon and oxidation to obtain the polymer-bound aldehydes 336. 
Further sorting and treatment with the dianion of the ketoacids 331 provided the polymer 
bound carboxyiic acids 336 as a mixture of diastereoiaomers. Resorting and esteriflcatJon 
with alcohols 332 afforded dienea 337. The SMART Microreactors were separately treated 
with RuCl2(*CHPh)(PCy3)2 catalyst to simultaneously effect cyclizatlon via olefin metathe- 
sis, and cleavage of the products, leading to products aa mixtures of four 12.1 3-desoxyepo- 
thiiones A (339, 340, 341, 342). Each mixture was identified and subjected to preparative 
thin-layer chromatography to provide pure compounds, which were individualy deprotected 
by treatment with TFA in dichtoromethane and then epoxidized accordingly. 

* 

The epothilone library (Figure 94) was screened tor induction of tubulin assembly with 5 mM 
compound at 37 "C. Previously tasted compounds On Figure 94) were reevaluated for 
comparative purposes. Moat analogs were subjected to more detailed Investigation in cyto- 
toxicity assays with human ovarian and breast cancer cells, including Taxd-resistant lines, 
and a quantitative tubulin assembly assay that differentiates between potent toxoid com- 
pounds (Figure 65). it soon became apparent that compounds with assembly valuea below 
40% in the screen yielded high EC50 values in the quantitative assay and had little inhibi- 
tory effect on cell growth (only positive results shown in Figure 95). 

A standard glutamate assay tested the hypothesis that taxoide more active than Taxoi in 
tubulin assembN would also be more cytotoxic, end this was validated with over fifty ana- 
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logs. With the spothilones, however, the quantitative assay was less successful. A low 
giutamate concentration resulted in a high false negative rate in predicting cytotoxicity, while 
higher giutamate concentrations (e.g. 0.7 M, Figure 85) were comparable to the screening 
assay in identifying cytotoxic analogs. If "significant" cytotoxicity is defined as an ic$q value 
below 1 0 nM, we identified nine analogs with activity against the breast and ovarian lines 
(161, 234, 48, 128, 171, 233, 128, 172, 71, and 231). With the screening assay, there were 
no false negatives, but there were seven false positives (agents with limited cytotoxicity 
yielding >40% polymerization) among examined compounds. With ths giutamate essay, 
the same results were obtained. The nine cytotoxic analogs had EC50 values of 3.3*1 3 
mM, but an additional nine agents had EC50 values of 8.0-17 mM. 

Two Taxoi-fesistant lines were generated from the 1 A9 ovarian cells, end resistance resul- 
ted from mutations in the M40 gene, which codes for a highly expressed bj isotypo in the 
parental and resistant ceil Unee. The altered amino acids were residue 270 in the 
1 A9PTX1 0 line (PheoVaJ) and 384 in 1 A9PTX22 (AI->Thr). This agreed with other obser- 
vations that th« Taxol binding site is on ft-tubuim. In preiiminar/ results reported with 1 (vide 
supra) and several analogs that 1A9PTX22 cells retained nearly complete sensitivity to epo- 
thilonee, while 1A9PTX10 ceUs remained partially resistant to the drugs. These findings 
have been confirmed (Figure 88). The relative resistance observed with 1A9PTX22 cells 
was 27-fold with Taxol and 1 .0-2.7-foid with the eieven cytotoxic spothilones. With 
1 A9PTX1 0 coils, relative resistance was 23-fold with Taxol and 3.5-9.1-fold with the epo- 
thitonee. The Taxol and epothllone binding sites could overlap, since 1 and 2 are competi- 
tive inhibitors of Taxol binding to tubulin polymer. If one assumes that Ph^o and Ala^ 
interact directly with Taxol. the results with the resistant ceils suggest that Phe^ * more 
important than Ala^ in the interaction of spothilones at the Taxol binding site. 

The data shown m Figure 84 and 88, together with prevtouely reported results, revealed inv 
portent Information regarding structure-activity relationships for in vitro tubulin polymeriza- 
tion and cytotoxicity, and lead to several conclusions. That the macrocyde is important was 
confirmed by the lack of significant tubulin polymerization activity of the open chain olefin 
metathesis precursor 4b. Inversion ofthe3-OH stereochemistry resulted in reduced tubulin 
polymerization potency. Interestingly, however. a,^unsaturated lactones (e.g. 42 and 38) 
retained significant tubulin assembly properties (Figure 85) suggesting s conformational, 
rather the* a direct binding eff^ however, exhi- 

bited significant cytotoxicity indicating an additional role for the 3-OH group. Substitution of 
the 4-^lmethvl with a 4,4-ethano moiety (e.g. 287a and 287b) reeuned in loss of tubui., 
polymertzatx* acthrfty in as ca^ 
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tion of epothilones for biological activity. Apparently the partial sp 2 character and the ac- 
companied widening of the C3-C4-C5 angle introduced intolerable conformational changes 
within the macrocycie for effective interaction with tubulin. Another dear requirement for tu- 
bulin polymerization activity was the (6R7S) stereochemistry as revealed by the failure of 
all (6S,7fl) stereoisomers to induce tubulin polymerization at significant concentrations (e.g. 

64, 425, 432-438, 443, 219, 312, 290, 313, 287, 319, 480-481, 484, and 37, Figures 64- 

65). Interesting, also, was the notable decrease in interaction with tubulin upon inversion of 
the C8 methyl group (e.g. 488 ve 49), introduction of a gem-dimethyl group at CS (480 49 
and 455 vs 50), and removal of the CS methyl group (e.g. 459 ve 48 and 466 vs 49 and 

439 VS 58). 

The importance of the natural stereochemistry (12S.13A) for the epoxide was demonstrated 
by the general trend of the unnatural 1 2R13S epoxides to exhibit lower activities in indu- 
cing tubulin assembly. Most interestingly, both the ds and trans olefins corresponding to 
epothilones A and B were active in the tubulin assembly assays, and the activities of the ds 
olefins were comparable to those of the natural substances. However, we found that the 
cis and, especially, the trans olefins were significantly leas cytotoxic than the naturally oc- 
curring epoxides (49 and 80 vs 1, 71 and 123 vs 2). Moreover, both the a- and 6-epo»des 
derived from the 1 2,13 frolefinic precursors exhibited considerable ability to induce tubulin 
assembly and inhibit ceil growth (58, 171 and 172 vs 1. 128 and 126 vs 2; in fact, com- 
pound 1 25 appears to be the most cytotoxic analog from those shown in Figure 84). 

The C 12- methyl group consistently bestowed higher potency to all epothilones studied as 
compared to the C1 2-des-methyi counterparts (e.g. 2 vs 1 and 233 vs 161), with the excep- 

■ 

tion of compounds 56 and 57 where comparable results were obtained. Inversion of confi- 
guration at C15 led to toss of ability to Induce tubulin polymerization (141 vs49. 346 vsSO). 
Replacement of the C1 6-rnethyl with an ethyl group also reduced activity in the tubulin as- 
say (481 vs 49, 467 vs 60) suggesting that the methyl group may play a role in maintaining 
the planar conformation of the side-chain. Theinacth^of the C16<; 17 epoxides forlher 
supports this conclusion. The epothUone pharmacophore tolerated some heterocyds modi- 
fications. Thus, a number of oxazole derivatives exhibited activity comparable to ihe corres- 
ponding thiazoles. Furthermore, replacement of the thiazole with a 2-pyridyl moiety led only 
to a slight decrease in activity in the tubulin assays, whereas substitution of the C23-methyt 
with a phenyl group yielded inactive compounds). Figure 63 summartzee graphically the 
structure-activity relationships within the eoothitone family of compounds as derived from 
these and previous studies. 
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The reported work demonstrates the power of interfacing combinatorial chemistry with che- 
mical biology as facilitated by solid phase synthesis, REC chemistry and modem biological 
assays. Furthermore, this research should facilitate the process of drug discovery and de- 
velopment in the area of cancer chemotherapy. 

Example 7. Total Synthesis of Eoothilone S and Sid »£hain goothilone Analogs 

via the Stille Coupling Reaction as illustrated in Figures 51-55. 

In this example we report the first total synthesis of the naturally occurring epothilone E (Fi- 
gure 51) via an olefin metathesis reaction to form the macrocycle and a Stille coupling to 
construct the side chain. In addition, the developed strategy was applied to the synthesis of 
a library of analogs containing a variety of aromatic systems in place of the 2-methyithiazole 
moiety of natural epothilone A (see Figures 54-55). 

Figure 51 outlines, in retrosynthotic format the highly convergent metathesis-Stilte strategy 
towards epothilone E and the analogs shown in Figures 54-55. The utilization of a common 
advanced intermediate gives this Stille strategy a distinct advantage in delivering rapidly a 
plethora of side-chain modified epothilone analogs for biological screening. 

The epothilonee shown in Figures 54*55 were constructed as summarized in Figure 52. 
Thus, alcohol 350, prepared in 91% yield by addition of (+)-allyidflsopinocampheyl borane 
[lcp2B(aJiyO] to aldehyde 349, was coupled with carboxyiic add 345 (mixture of C8-C7 dia- 
stereoisomers in cm. 3:2 ratio in favor of 345) with DCC and 4-DMAP to afford ester 351 
(49% yield, after chromatographic separation from its C6-C7 diastereoisomer). Exposure of 
351 to catalytic amounts of Rud2(«CHPh)(PCy3)2 in CH2O2 at ambient temperature resul- 
ted in a mixture of ds» and firans-cydic oieftne which were chromalographicaily separated 
on silica gei followed by deeilytatJon leading to diols 354 (84%) and 355 (56%). respectively. 

The required stannaries were either commercially available, synthesized according to litera- 
ture procedures) or by the sequences shown in Figure 53. For the synthesis of epothilone E, 
dibremJde 355 was selectively metaitated with n-BuU and then reacted, in the presencs of 
HMPA, with diniethytforma/nkle (DMF) to afford after NaB+U reduction alcohol 350 in 63% 
overall yield. Protection of 350 ss s silyl ether (TBSC1, imidazole, 95% yield) followed by a 
second metaHatton (n-BuU) and exposure to n-Bu3Sna (85% yield) furnished after desilyia 
tion (TBAF, 95% yield) stannane 363. The syntheaia of stannane 371 required: (!) Sono- 
gashira coupling of diorornide 368 with 4-pentyno -oi [(Pd(PPha)4-Cul. ^NH, 70 *C, 63* 
vietd] (H) chemoselective hydrogenatton of the triple bond (cat P102-H2. 100% yield); and 
reaction with Me3SnSnMe3-cat Pd(PPh3)3 (toluene, 100 *C. 83% Stannane 37 



WO 98/25929 PCT/EP97/07011 

- 78 - 



was prepared from dibromide 388 by reaction with piperidine (60 '0,100% yield), followed 
by palladium-catalyzed coupling with Me3SnSnMe3 [Pd(PPh3)4, toluene, 80 *C, 100% 
yield]. Similarly, 378 was obtained from 388 by reaction with NaSMe (EtOH, 25 *C, 94% 
yield) followed by exposure to cat. Pd(PPh3)4 and Me3SnSnMe3 (toluene, 80 *C, 100%). 

Attachment of the aromatic moieties to the macrocyclic framework of vinyl iodides 384 and 
388 was performed with the aromatic stannaries shown in Figures 54-55 under palladium* 
catalyzed Stille-type conditions A [Pd(PPh3)4, toluene, 100 *C] or B [Pd(CN)2Cl2, OMF, 
25 °C]. Figures 54-55 include a selection of the synthesized epothilone A analogs, the 
coupling method, and the obtained yields. 

Epothilone E (356b, Figure 56) was synthesized from its desoxy analog 356a (Figure 54) by 
epoxidation with H2O2-KHCO3-CH3CN in methanol as shown in Figure 56 (65% yield, ba- 
sed on 50% conversion). Synthetic 356b exhibited identical 1H and 13c NMR spectra to 
those of the natural substance. 

Epothilone E (388b) exhibited 52% tubulin polymerization as compared to 76% for epothi- 
lone A, 98% for epothilone B and 50% for Taxol In the flltratkxvcotorimetric tubulin poly- 
merization assay. 

In this example, a series of 28-substtuted epothilones has been constructed by total syn- 
thesis involving a selective Wlffig oteflnaoon. an aidoi reaction, and a macrolactonization as 
key steps. 

The approach to the C26-modHled epothilones B. follows the same path ae that developed 
for epothilone B (vide supra), and Involved the following steps: (a) a stereoselective WttBg 
olefination; (b) en aJdoi condensation: and (c) a macrolactonization (see Figures 57-82). 

With large quantities of the aftylic alcohol 392 (Figure 37) at our disposal, our immediate 
task was the selection of a suitable group for the protection of the primary hydroxy! functio- 
nality at C28. A triphenyknethyl (trltyt) group was judged to be most useful for this purpose, 
and indeed served admirably throughout the course of the synthesis. Thus, the key C7-C2 
aldehyde fragment 257 was synthesized from 251 as shown in Figure 37. Protection of 25 
as s trityl ether (trityl chloride, 4-OMAP. OMF) furnished 252 in 99% yield. Regtoeeieettve 
hydroboratlon employing 9-BBN, and an ensuing basic hydrogen peroxide work-up led to 
primary alcohol 253 In 94% yield, which was coin^ed to ic^ 254 by trie actk» ot R^P, 
iodine and imidazole in the mixed solvent system of MeCN:Et20 (3:1. 90% yWd). Stereo- 
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selective alleviation of SAMP hydrazone via its lithio derivative (LDA, THP, -78 to 0 *C), with 
iodide 254 (-100 to -20 a C, 94% yield, based on ca. 70% conversion) led to hydrazone 
255. The transformation of 255 to nitrite 256 proceeded smoothly under the influence of 
MMPP (91% yield), and reduction of the latter with DIBAL in toluene at -78 *C provided the 
key aldehyde 257 in excellent yield (97%). 



The coupling of the C1 -C8 ketone fragment with aldehyde 257 via a syn-seJecti 
action (LOA, -78 *C) aa shown in Figure 38 furnished compound 258 along wit 
diastereoisomer (85% total yield, ca. 3:1 ratio in favor of 13). Chromatographic 
(silica gel. 20% ©2° in h*xanes), followed by siiytation (TBSOTT, 2,6-lutidine, methylene 
chloride, 0 *C, 92% yield) gave tetra(siryi) ether 259. The use of buffered pyndinium hydro- 
fluoride in THP (alternatively CSA in methylene chloride/ methanol) permitted selective de- 
silytatfon of the primary TBS group (74% yield), which was sequentially oxidized to aldehyde 
261 [(COCO 2. DMSO. Et 3 N), and thence to earboxytle add 262 (NaC10 2 , 99%). Selective 
desiiytation at C15 was achieved by the use of TBAP in THP providing the seeo-acid 263 in 
89% yield. The latter compound was in turn subjected to the macrolactonization conditions 
described by Yamaguchi allowing isolation of the lactone 264 in 75% yield. Exposure of 264 
to pyndinium hydrofluoride in THP promoted concomitant removal of both the sityt groups 
and the trityi moiety, leading to triol 265 In 78% yield. Alternatively, treatment of 264 with 
camphorsulfonic add in MeOH and methylene chloride resulted in the selective removal of 
the trityi group, giving 266 in 70% yield. Sharpiess asymmetric epoxWation of 265 then gave 
26-hydroxyepothitone B (260) in 76% yield and as a single diastereoisomer (as judged by 
both TLC and 1H NMR analysis). 

« 

The ready availability of the above compound 266 and intermediates facilitated rapid ac- 
cess to a number of 26-eubstituted epothitonea. As indicated m Rgure 57-62, aftylic alcohol 
392 was converted, m Mgh yield, to the correapondrigeeierelOOOfrC (see Figure 57 de- . 
scription of flguree for explanation of steps) by reaetk* wim the correspond!^ 
dride or chloride under basic conditions followed by desiiytation. MnOj oxidation of 265 
proved highly efficient providing a,p-unsaturatsd aldehyde 1 0OOd (step d in 85% yield. 
Further oxidation of 1000dwtth NadC^ lad to carboxyllc addlOOOe (steps) (98%) which 
was converted to methyl eater 1<>W^ Methyiation 
(NaH-MeO and benzyiation (NaH-PhCH2Br) of 266, followed by deeHyletlon afforded metho- 
xyandl*nzyloxycornpouiHisiO^ Hategenatten (OAST or 

CCVPh 3 P), followed by deeilyiatten. led to chloride 397 or 398 (at epoxide) (73% overall 
yield) or fluoride 396 (51 % overall yield). The aldehyde obtained from Mn0 2 oxidattonof 
403 (90%) waa subjected to Wittig methyienatton (85%) furnishing, after deailylatton (85%). 
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terminal olefin 1000k. Similar chemistry was employed for the preparation of epothilones 
1 000a- n and 1 000a'-!', 395, 398, 401 , 404, 407, 41 3 and 41 5 as shown in Figures 57-62. 



Example 9. Construction of 14-. 15*. 17- and 1 8-membered ring rah 

[Hang A as illustrated in Figures 67-70. 



This example describes the construction of 1 4-, 1 5-, 1 7- and 1 8-membered ring relatives of 
epothilone A and their desoxy counterparts have been obtained by total synthesis and bio- 
logically evaluated for their tubulin polymerization properties as shown in Figures 87-70. 

This example reveals considerable structural distortions inherent In the {14}-, [15}- and [17]- 
membered ring epothilones, whereas the overall shape of [1 8]-epothilone A remained rela- 
tively unchanged as compared to natural epothilone A ([1 6]-epothilone A), heightening ex- 
pectations for biological activity of the latter compound, if not for the others. 

The charted route projected epoxidation of the C12-C13 double bond of the macrocyde as 
the final step and a convergent assembly of the epothilone skeleton via a Wtolg reaction, an 
aldol condensation, and a rnecrelacteniration. This strategy required fragments 16©$,. 1667 
and 1016 • Figures 67-70(made exactly as similar analogs described vtda supra) or the con- 
struction of the key intermediates 1016 and 1010 (Figures 67-70) needed for the 14- and 
1 5- member ed rings. A slightly different strategy for the synthesis of key building blocks 
1033 and 103S needed for the 17- and 1 8-membered rings was adopted requiring frag* 
merits 1019. 1021 and 1022 Figures 67-70(made exactly aa similar analogs described 
above). 

Aldehyde 1006 (Figure 68) was available via a literature procedure (EgucW et al. J. Chant 
Soc. Chem. Commun. 1664, 137-196) and served a precursor for the second required alde- 
hyde. 7. Thus, oieflnatfon of 1066. hydroboration of the resulting olefin, and oxidation of the 
resulting primary alcohol 1 006 furnished the desired aldehyde 1 007 in excellent overall yield 
(see Figure 68). Each of 6mm two aldehydes (1006 and 1007) was corwiensed separately 
with the yiide derived from ptosohortfum salt 1010 (NaHMDS, THF) to afford the correspon- 
ding Z-olefins (101 1 (77%) and 1012 (63%)] as the major geometrical isomer in each case 
(ca.9:l ratio). The silyl group was then selectively removed from the primary hydroxy! group 
by the action of CSA leading to eJcohole 1013 (81%) and 1014 (61%). Finally, oxidation of 
1013 and 101 4 with SCypyr. (DMSO-EON) led to the targeted intermediates 1013 and 
1 016 in 81 and 84% yield, respectively. 
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The reverse ylide-aldehyde condensation approach shown in Figure 69 was utilized for the 
construction of advanced intermediates 1033 and 1035. Thus, alcohol 1017 was converted 
to iodide 1 01 8 by treatment with Ph 3 P-l 2 -imidazole (95%) and thence to phosphonium salt 
1019 by heating with Ph 3 P (neat, 100 *C. 97%). A similar sequence was used to prepare 
phosphonium salt 1021 from the bromide 1020 as the intermediate. The ylides derived from 
1 01 9 and 1 021 (NaHMDS, THF) reacted with aldehyde 1 022 to produce Z-oleflns 1 023 and 
1 026 in 85 and 79% yields, respectively, as the major isomer (ca. 9:1 2;E ratio). 



Each product 1023 and 1 026, was selectively desityiated at the primary position with CSA. 
furnishing alcohols 1024 (99%) and 1027 (95%), respectively, and then converted to the 
corresponding Iodides 1025 (84%) and 1028 (98%) by exposure to Pt^P-l^midazole. 

The iodides 1 025 and 1028 were used to alkylate SAMP hydrazone 1029 according to the 

« 

method of Enders, furnishing compounds 1 030 and 1 031 in 80 and 82% yield, respectively. 
Each hydrazone (1030 and 1031) was converted to the corresponding nitrile (1032, 99% 
and 1034, 96%) by reaction with MMPP, and then to the desired aldehydes 1033 (90%) and 
1 035 (81 %) by OIBAL reduction. 

Figure 70 shows the coupling of the C1-C6 segment 1036 with fragments 1015, 1016, 1033 
and 1035 and the elaboration of the products to the targeted epothilones. All synthesis de- 
scribed in this example are carried out with identical conditions and amounts ss that of epo- 
thitone A and 8. Thus, the enoiate generated from ketone 1 036 (IDA, THF, -78 *C) reacted 
smoothly with aldehydes 1015, 1016, 1033 and 1035, affording compounds 1037 (71%), 
1 038 (72%), 1 041 (77%) and 1 042 (60%) as the aldol products together with their 6S,7R-di- 
astereoisomers (see Figure 70 for individual yields) which were removed by silica gel chro- 
matography. These compounds were then silytated (TBSOTf-2.*Jutitine) leading to tstra(st 
lyQethem 1030, 1040, 1043 and 1044 in 85-95% yield. Selective removal of thesilyi group 
from the primary position with CSA led to alcohols 1045, 1046. 1049 and 1050 which were 
oxidized to the corre sp onding aldehydes (1047, 1048, 1051 and 1052) under Swem conol- 
tions [(COQ)a-0M8O-Et3Nl in 85-99% yiekJ. Further oxidation to the desired carboxylic 
adds (1053, 1054, 10S7 and 1053) was achieved by reaction with Naa0 2 (95-96% yield). 

The cartoxyiic add* were then selectively desired at C-1 5 by th« action of TBAF produ- 
cing hydroxyacids 1036. 1083. 1053 and 1060 in 77-92% yWd. Ring cioaure of 1055, 1056 
1 059 and 1 060 waa accomplished by the Yamagudii metnod as exa^ described for epo- 
thilonee A and 8. furnishing tnacrocydic lactones 1061. 1062, 1065 and 1066 in yields ran- 
aina from 70-82% (see Figure 70). The silytethers were removedfrom 1061. 1062,1065 
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and 1066 by exposure to HF-pyr. in THF, leading to [14]-. [15]-. [17]- and [1 8]-desoxyepo- 
thilones 1 063, 1 064, 1 067 and 1 068 (71 -91 % yield). 

Epoxidation of [1 4]-desoxyepothilone A (1063) with methyl (trffluoromethyl)dioxirane gave 

0 

[i4]-epothiione A (1002) essentially as a single product (52% yield), whereas epoxidation of 
the [1 5]-desoxyepothilone A (1064) under the same conditions led to a mixture of [15J-epo- 
thilone A (1003 or 1069) and its diastereomeric epoxide 1069 (or 1003) (70% yield, ca. 1:1 
ratio). The [1 7]-membered ring 1067 furnished a 6:1 ratio of diastereomeric epoxides (97% 
combined yield) and the [1 8]-membered ring led to a ca. 2:1 ratio of products (79% total 
yield). In all cases, the isomeric epoxides were chromatographicaity separated but, their 
stereochemical identities remain presently unassigned. 

Preliminary biological investigations with these compounds revealed significant tubulin poly* 
mediation activity for [1 8]-deeoxyepothitone A (1068) (40% as compared to 72% for epothn 
lone A and 53% for Taxol), but relatively weak activity for the two epimeric [1 SJ-epothiJonea 
A (1005 and 1071) and for all [14]-, [151* and [1 7]-epothitonee A (1083, 1064. 1067, 1002- 
1004, 1069 and 1070) in the flltraikxvcolorimetric tubulin aaaay. Thete result* provide fur* 
ther support for the limited tolerance of the epothitone pharmacophore and its highly speci- 
fic binding to the tubulin receptor. Further biological studies wraH 068 and related com- 
pounds are made in analogy. 

Example 10. 





We have carried out microtubule assays following literature procedures and evaluated syn- 
thesized compounds for their ability to form and stabilize microtubules. Cytotojdcty studies 
have also been carried out In our laboratories and preliminary data is disclosed vWa infra. 

The synthesized epottiHonee wert teetad to 

tubulin with an assay developed to amplify differences between compounds more active 
than Taxol. As demonstrate In Figure 22. both epothitone B (2) (EC50 ■ 4.0 ±1 mM) and it 
progenitor 71 (ECsq • 3.3 t©\2mM) were significantly more active than Taxol (6C50 ■ 1 5.0 
*2mM) and epothitone A (1) (EC50 - 14.0 t0.4mM). whereas compounds 128, 18i snd 12 
were less effective than Taxol (Unetal. Cancer Chemother. Pharmacol. 38, 136-140 
(1996); Rogan et al. Science 244, 994-996 (1984)). 

■ 

As shown in Figure 23. cytotoxicity experiments with 1A9. 1 A9PTX10 (B-tuoulin mutant). 
1 A9PTX22 (B-tubulin mutant) and A2780AO ceH lines revealed a number of Interesting re- 
sults (Figure 23). Thus, despite its high potency in the tubulin assembly assay, compound 
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71 did not display the potent cytotoxicity of 2 against 1 A9 ceils, being similar to 1 and Taxol. 
These data suggest that while the C12-C13 epoxide is not required for the epothilone-tu- 
bulin interaction, it may play an important role in localizing the agent to its target within the 
cell. Like the naturally occurring epothilones 1 and 2. analogue 71 showed significant acti- 
vity against the MDR line A2780AO and the altered 8-tubulin-expressing cell lines 
1A9PTX10 and 1 A9PTX22, suggesting, perhaps, different contact points for the epothilo- 
nes and Taxol with tubulin (I.e. stronger binding of epothilones around residue 364 than 
around 270 relative to taxoids). 

See example 8 (above) for further discussion about analogs which possess strong tubulin 
binding properties and that which poseea potent cytotoxic action against tumor csti lines. 




The cotorimetric cytotoxicity assay used was adapted from Skehan et al {Journal of National 
Cancer Inst 82: 1 107-1 112, 19901). The procedure provides a rapid, sensitive, and inexpen- 
sive method for measuring the cellular protein content of adherent and suspension cultures 
in 96- well microliter plates. The method is suitable tor ordinary laboratory purposes and for 
very large-scale applications, such as the National Cancer Institute's disease-oriented in 
vitro anticancer-drug discovery scr ee n , which requires the use of several million culture 
wells per y< 



In particular, cultures fixed with trichloroacetic acid were stained tor 30 minutes with 0.4% 
(wVvol) sutforivxjamne B (SAB), dissolved in 1% acetic acid. Unbound dye wae removed b) 
four washes with 1% acetic eckJ. snd protein-bound dye was extracted with 10 mM unbuf- 
fered Tris base [trie (nydroxymetiiyOamiramethane] for determination of optical density in a 
computer-interfaced, 96-wel rntarotiter plate reeder. The SRB assay results were linear witt 
the number of case and with valuee for cellular protein measured by both the Lawn/ and 
Bradford assays at densitfee ranging from sparse subconfluence to multtlayered supracon- 
fluenee. The signai-to-noise ratio at 564 nm was approximately 1 .5 with 1 ,000 ceMe per wel 
The seneitfvtty of the SRB assay compared favorably with sensitivities of several fluores- 
cence assays and was superior to those of both the Lowry snd Bradford assays and to 
those of 20 other visible dyee. 

The SRB assay provides a catorimetric end point that la nondestructive, indefinitely stable, 
and visibto to the ns*e* eye. K provktoe a sensi^ 

useful in quantitating donogertdty, and ie wen suited to high-volume, automated drug 
screening. SRB fluoreacee strongly with laser excitation at 488 nm and can be meesured 
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quantitatively at the single-call level by static fluorescence cytometry (Skehan et al {Journal 
of National Cancer /nsf82:1 107-1 112, 19901)). 

Filtration Colorimetric Assay 

Microtubule protein (0.25 ml of 1 mg/ml) was placed into an assay tube and 2.5 ul of the 

test compound were added. The sample was mixed and incubated at 37*C for 30 minutes. 
Sample (1 50 til) was transferred to a wed in a 96-well Miffipore Multiscreen Ourapore hy- 
drophilic 0.22 Mm pore size filtration plate which had previously been washed with 200 of 
MEM buffer under vacuum. The well was ften washed with 200 I of MEM buffer. 

■ 

To stain the trapped protein on the plate, 50 til amido black solution [0,1% naphthol blue 

black (Sigma)/45% methanol/ 1 0% acetic acid] were added to the filter for 2 minutes; then 
the vacuum was reapplied. Two additions of 200 til amido black destain solution (90% 

methanol/2% acetic add) were added to remove unbound dye. The signal was quantitated 
bv the method of Schaffner and Weissmann et al. Anal. Blochem., 5ft 502*51 4, 1973 as 
follows: 

200 |ii of elution solution (25 mM NaOH-0.05 mm EDTA-50% ethanol) were added to the 
well and the solution was mixed with a pipet after 5 minutes. Following a 10-minutes incu- 
bation at room temperature, 1 50 pi of the elution solution were transferred to the well of a 
96-well plate and the absorbance was measured on a Molecular Devices Mtaroplate 
Reader. 



AJI reactions were carried out under an argon atmosphere with dry, freshly distilled solvents 
under anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF), toluene and 
ethyl ether (ether) were distilled from sodium-benzophenone, and methylene chloride from 
calcium hydride. Anhydrous solvents were also obtained by passing them through commer- 
cially available alumina column. Yields refer to chromatographically and spectroscopicaJly 
(1 H NMR) homogeneous materials, unless otherwise stated. Reagents were purchased at 
highest commercial quality and used without further purification unless otherwise stated. 
Reactions were monitored by thin layer chromatography carried out on 0.25 mm E. Merck 
silica gel plates (60F-254) using UV light as visualizing agent and 7% ethanolic phospho- 
motybdic acid or p-anisaldehyde solution and heat as developing agents. E. Merck silica gel 
(60, particle size 0.040-0.063 mm) was used for flash column chromatography. Preparative 
thin-layer chromatography (PTLQ separations were carried out on 0.25, 0.50 or 1 mm E. 
Merck silica gel plates (60F-254). NMR spectra were recorded on Broker AMX-600 or AMX- 
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500 instruments and calibrated using residual undeuterated solvent as an internal referen- 
ce. The following abbreviations were used to explain the multiplicities: s » singlet d => 
doublet, t = triplet, q » quartet m » multiplet. b = broad. IR spectra were recorded on a 
Perkin-EImer 1600 series FT-IR spectrometer. Optical rotations were recorded on a Perkirv 
Elmer 241 polarimeter. High resolution mass spectra (HRMS) were recorded on a VQ ZAB- 
ZSE mass spectrometer under fast atom bombardment (FAB) conditions with NBA as the 
matrix. Melting points (mp) are uncorrected and were recorded on a Thomas Hoover 
Unimefi capillary melting point apparatus. 

Synthesis of Aldehyde 7 aa Illustrated In Figure 3A. A solution of sodium bis(trimethyl- 
silyOamide (NaHMDS, 236 mL, 1 M in THF, 1 .05 equiv) was added over 30 min at -78 *C to 
a solution of N»acytsultam 13 (synthesized according to Oppotzer et al. Tetrahedron Lett. 
1 989, 30, 5603-1 989; Oppotzer, W. Pure & AppL Chem. 1 990, 62. 1 241 -1 250) (61 .0 g, 
0.225 mol) in THF (1.1 U 0.2 M). After stirring the resulting sodium enolate solution at -78 
a C for 1 hour, freshly distilled 5-todo-l -pentene (58 mL, 0.45 mol, 2.0 equiv) in hexamethyi- 
phosphoramide (HMPA, 117 mL, 0.675 mol, 3.0 equiv) was added. The reaction mixture 
was allowed to siowty warm to 25 'C, quenched with water (1.5 L) and extracted with ether 
(3 x 500 mL). Drying (MgS04) and evaporation of the solvents gave crude suitam 14 (76.3 
g), which was used without further purification. A pure sample of 14 was obtained by pre- 
parative thin layer chromatography (250 mm silica gel plate, 10% EtOAc in hexanes). Step 
2. (Reductive Cleavage of Suitam 14). A solution of crude suitam 14 (76.0 g. 0.224 mol) in 
ether (200 mL) was added to a stirred suspension of lithium aluminum hydride (LAH, 9.84 g 
0.246 mol. 1.1 equrv) in diethyiether (ether) (900 mL) at -78 *C. The reaction mixture was 
stirred at -73 *C for 1 5 min, quenched by addition of water (9.8 mL) and warmed to 0 'C. 
Sequential addition of 15% aqueous sodium hydroxide solution (9.8 mL) and water (29.4 
mL) was foiowed by warming the reaction mixture to 25 *C. After stirring for 5 h. the alu- 
minum salts were removed by filtration through ceiite, the filtrate was dried (MgS04) and 
the solvent was removed by distillation under atmospheric pressure. Vacuum distillation 
(bp. 85 *C / 8 mm Hg) furnished pure alcohol 15 aa a cotoriess oil (17.1 g, 60% from sui- 
tam). Step 3: To a solution of alcohol 1 5 (0.768 g, 6.0 mrnoi) in methylene chloride (30 mL 
0.2 M) were added powdered 4 A molecular sieves (1 .54 g), 4-metiTyin»rpholine N-oxide 
(NMO, 1 .06 g, 9.0 mmoi, 1 .5 equiv) and tetraprepyiamrnonium perruthenate (TPAP, 0.1 05 
g, 0.3 mmot, 0.05 equiv) at room temperature. After stirring for 30 min, the disappearance 
of starting material was indicated by UC. Ceiite was added (1 .54 g) arid the suspension 
was filtered through silica gel and eiuted with methylene chloride. The solvent was carefully 
distilled off under atmospheric pressure to yield aldehyde 7 (0.721 g, 95%) as cotoriess oil. 
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Synthesis of Alcohol 18a as illustrated In Rgurs 3B. (Silylation of alcohol 16a). Alcohol 
1 6a (5.0 g, 0.068 mol; glycidol; Aldrich/Sigma) was dissolved in DMF (70 mL, 1.0 M), the 
solution was cooled to 0 °C and imidazole (9.2 g, 0.135 mol, 2.0 equiv) was added. After 
stirring for 10 min, tert-butylchlorodiphenylsilane (TPSCI, 24 mL 0.088 mol, 1.3 equiv) was 
added and the reaction mixture was allowed to stir for 30 min at 0 °C and for 1 h at 25 9 C. 
Ether (70 mL) was added, followed by saturated aqueous NaHC03 solution (70 mL). The 
organic phase was separated and the aqueous layer was extracted with ether (50 mL), 
washed with water (2 x 120 mL) and with saturated aqueous NaCt solution (120 mL). The 
organic extract was dried (MgS04), filtered through eelite, and fte solvents were removed 
under reduced pressure. Rash column chromatography (silica gel, 5% EtOAc in hexanes) 
provided silyt ether 17a (18.9 g, 90%). Step 2. Silylation of alcohol 16b. Following the pro- 
cedure described for the synthesis of silyl ether 17a, alcohol 16b (5.0 g, 0.068 mol; 
Aldrich/Sigma) in DMF (70 mL, 1.0 M) was treated with imidazole (9.2 g, 0.135 mol, 2.0 
equiv) and tert-butyichlorodiphenyisilane (24 mL, 0.088 mol, 1.3 equiv) to yield silyt ether 
17b (19.8 g, 94%). Rf ■ 0.28 (5% EtOAc in hexanes). Step 3. Opening of Epoxide 1 7a 
with vlnyteuprate. To a solution of tetravinyttin (3.02 mL, 16.6 mmol, 1.25 equiv) in THF (44 
mL) was added n-butyillthium (41 .5 mL, 1.6 M in hexanes, 5.0 equiv) at -78 'C and the re- 
action mixture was stirred for 45 min. The resulting solution of vinytilthium was transferred 
via cannula to a solution of azeotropically dried (2 x 5 mL toluene) eepper(i) cyanide (2.97 
g, 33.2 mmol, 2.5 equiv) in THF (44 mL) at -78 *C, and the mixture was allowed to warm to 
-30 *C. Epoxide 1 7a (4.14 g, 13.3 mmol) in THF (44 mL) was transferred via cannula to 
this vinyl cu prate solution, and the mixture was stirred at -30 *C for 1 h. The reaction mix- 
ture was quenched with saturated aqueous NH 4 CI solution (150 mL). filtered through eelite, 
extracted with ether (2 x 100 mL) and dried (MgS04). After removal of the solvents under 
reduced pressure, flash column chromatography (silica gel, 3% EtOAc in hexanes) furni- 
shed alcohol 1 8a 

Synthesia of Alcohol 186 as Illustrated in Figure 3B. Opening of Epoxide 1 7b with 
Vinylcuprate. Following the procedure described for the synthesis of alcohol 18a, epoxide 
17b (1.97 g, 6.3 mmol, starting from commerically available 16b in lieu of 16a) yielded 
alcohol 18b (1.78 g. 83%). 

Synthesis of Ksto Add 21 sa illustrated in Rgurs 3C. Horner-Wadsworth-Envnons Reac- 
tion of Aldehyde 12 with Phosphonats 19. A solution of phoaphonats 19 (23.6 g, 94 mmol, 
1 .2 equiv; AJdrich) in THF (100 mL) was transferred via cannula to a suspension of sodium 
hydrids (60 % dispsrsion in minsraJ oil, 5.0 0. 1 25 mmol, 1 .6 equiv) in THF (200 mL) at 25 
•C. After stirrina for 1 5 min. the reaction mixture was cooled to 0 # C, and a solution of aide- 
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hyde 12 (10.0 g, 78 mmol; synthesized according to Inuka, T., and Yoshizawa, R. J. Org. 
Chem. 1 967, 32, 404-407) in THF (20 mL) was added via cannula and the ice* bath was 
removed. After 1 h at 25 *C, TLC indicated the disappearance of aldehyde 1 2. The mixture 
was then separated between water (320 mL) and hexanes (100 mL). The aqueous layer 
was extracted with hexanes (100 mL) and the combined organic layers were successively 
washed with water (200 mL) and saturated aqueous NaCI solution (200 mL). Drying 
(MgS04), concentration under reduced pressure and purification by flash column chromato- 
graphy (silica gel. 1 0 % EtOAs in hexanes) yielded keto ester 20 (1 7.4 g, 99%) as a yellow 
oil. Step 2. Hydrolysis of Keto Ester 20. Keto ester 20(1 7.4 g, 77 mmol) in methylene 
chloride (39 mL, 2 M) was treated with trifluoroacetic add (TFA, 39 mL, 2 M) at 25 °C. 
Within 30 minutes TLC indicated disappearance of the ester. The mixture was concentrated, 
under reduced pressure, dissolved in saturated aqueous NaHCOj solution (20 mL) and 
washed with ether (2 x 20 mL). The aqueous phase was then acidified to pH - 2 with 4 N 
HO, saturated with Nad, and extracted with EtOAc (6 x 20 mL). The organic layer was 
dried (MgSO«) and concentrated under reduced pressure to give pure keto add 21 (13.0 g, 
99%) as a dear oil, which solidified on standing. 

Synthesis of (Mane* 23 and 24 at Illustrated In Figure 4. EDC Coupling of Alcohol 18a 
with Keto Add 21 . A solution of keto acid 21 (2.43 g, 1 4.3 mmol, 1 .2 equiv), 4-{dlmethylami- 
no)pyridine (4-DMAP, 0.145 g, 1.2 mmol, 0.1 equiv) and alcohol 18a (4.048 g, 11.9 mmol, 
1.0 equiv) in methylene chloride (40 mL, 0.3 M) was cooled to 0 *C and then treated with 1 • 
ethyH3Hjimethy1ajnrapropyQ hydrochloride (EDC, 2.74 g, 14.3 mmd, 1.2 

equiv). The reaction mixture was stirred at 0 *C for 2 h and then at 25 *C for 1 2 h. The so- 
lution was concentrated to dryness in vacuo, and the residue was taken up in EtOAc (10 
mL) and water (10 mL). The organic layer waa separated, washed with saturated NH 4 CI 
solution (10 mL) and water (10 mL) and dried (MgS04). Evaporation of the solvents follo- 
wed by flash column chnxnatography (silica gel, 4% EtOAc in hexanes) resulted in pure 
keto ester 22a (5.037 g, 88%). Step B. AJdol Condensation of Ester 22a with Aldehyde 7 
A solution of keto eater 22a (1 .79 g, 3.83 mmol, 1 .0 equiv) In THF (15 mL) was added via 
cannula to a freshly prepared solution of lithium diisopropyiamide [IDA; formed by addition 
of n-BuU (2.83 mL, 1.6 M solution in hexanes, 4.58 mmol, 1 .25 equiv) to a solution of diiso- 
propylamine (0.81 mL 4.36 mmol. 1 .2 equiv) in THF (30 mL) at -1 0 *C and stirring for 30 
min)at-78 # C. After 15 min the reaction mixture was allowed to warm to -40 *C and was 
stirred for 45 min. The reaction mixture was cooled to -78 «C and a solution of aldehyde 7 
(0.740 g. 5.8 mmol. 1 .8 equiv) in THF (1 5 mL) waa added dropwie*. The resulting mixture 
waa stirred for 15 min. then wanned to -40 oC for 30 min. cooled back to -78 *C and then 
quenched by slow addition of saturated aqueous NH4CI solution (10 mL). The reaction mix- 
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ture was warmed to 25 9 C, diluted with EtOAc (10 mL) and the aqueous phase was extrac- 
ted with EtOAc (3x10 mL). The combined organic layers were dried (MgS04), concentra- 
ted under reduced pressure and subjected to flash chromatographic purification (silica gel, 
5 £ 20% EtOAc in hexanes) to afford a mixture of aidol products 23 (926 mg, 42%) and 24 
(724 mg, 33%), along with unreacted starting keto ester 22a (178 mg, 10%). 

Synthesis of Hydroxy Lactone 28 as Illustrated In Figure 4. Olefin Metathesis of Oiene 

23. To a solution of diene 23 (0.186 g, 0.3 mmol) in methylene chloride (100 mL, 0.003 M) 
was added (RuCI 2 (»CHPh)(PCy J )a (* bis(tricyclohexy1phosphine)benzylidine ruthenium 
dichloride) 25 mg, 0.03 mol, 0.1 equiv; available from Aldrich) and the reaction mixture was 
allowed to stir at 25 °C for 12 h. After the completion of the reaction was established by 
TLC, the solvent was removed under reduced pressure and the crude product was purified 
by flash chromatography (silica gel, 30% EtOAc in hexanes) to give trans-hydroxy lactone 
25 (151 mg, 85%). 

Synthesis of Hydroxy Lactone 26 as Illustrated in Figure 4. Olefin Metathesis of Diene 

24. Following the procedure described above for the synthesis of hydroxy lactone 25, a so- 
lution of diene 24 (0.1 97 g, 0.32 mmol) in methylene chloride (100 mL, 0.003 M) was trea- 
ted with RuCla(«CHPh)(PCya)a (26 mg, 0.032 mol, 0.1 equiv), to produce, after flash chro- 
matography (silica gel, 18 >E 25% EtOAc in hexanes), trans-hydroxy lactone 23 (150 mg, 
79%). 

Synthesis of Dlot 27 aa Illustrated In Figure 4. Desilyiatton of TPS Ether 25. A solution 
of TPS ether 25 (1 45 mg, 0.23 mmol) in THF (4.7 mL, 0.05 M) was treated with glacial 
acetic acid (70 mL, 1.15 mmol, 5.0 equiv) and tetrabutylammonium fluoride (TBAF, 490 mL 
1 M solution in THF, 0.46 mmol, 2.0 equiv) at 25 'C. After stirring for 36 h, no starting mate 
rial was detected by TLC and the reaction mixture was quenched by addition of saturated 
aqueous NH 4 0 (1 0 mL). Bdraettons with ether (3 x 10 mL), drying (MgSO«) and concentra- 
tion was followed by flash chromatographic purification (silica gel. 50% EtOAc in hexanes) 
to provide diol 27 (78 mg, 92%). 

Synthesis of Olol 28 ss Illustrated m Figure 4. Desilyiatton of TPS Ether 26: In accor- 
dance with the procedure describing the desilyiatton of TPS ether 25 using a solution of 
TPS ether 26 (31 mg, 0.05 mmol) in THF (1 .0 mL, 0.05 M). 

Synthesis of Eater 22b aa Illustrated In Figure 5. Compound 22b was synthesized acco 
dina to the orocedure as described abovs for Ester 22s using 18b instssd of 18a. 
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Synthtsi* of dl#n#s 29 and 30 is Illustrated In Figure S. Compounds 29 and 30 wars 

synthesized according to the procedure as described above for 23 and 24 using 22b in* 
stead of 22a. 

Synthesis of Hydroxy Lactone 31 as Illustrated in Figure 5. Compound 31 was synthesi- 
zed according to the procedure as described via supra for 25 and 29 using 29 instead of 23. 

Synthesis of Hydroxy Lactone 32 ss illustrated in Figure S. Compound 31 was synthesi- 
zed according to the procedure ss described via supra for 28 end 26 using 39 instead of 24. 

Synthesis of Hydroxy Adds 33 and 34 ■• illustrated In Figure 8. Aldol Condensation of 
Add 21 with Aldehyde 7. A solution of koto acid 21 (752 mg, 4.42 mmol, 1.0 equiv) in THF 
(22 mL) was added dropwise at -78 °C to a freshly prepared solution of LOA [formed by ad- 
dition of n-BuU (6.49 mL 1 .6 M solution in hexanes, 10.4 mmol, 2.35 equiv) to a solution of 
diisopropyiamine (1 .43 mL, 10.2 mmol, 2.3 equiv) in THF (44 mL) at -10 # C and stirring for 
30 minj. After stirring for 15 min the reaction mixture was allowed to warm to -30 'C and stir- 
red at that temperature for 1.5 h. The reaction mixture was cooled back to -73 *C and a so- 
lution of aldehyde 7 (0.891 g, 7.07 mmol, 1 .6 equiv) in THF (22 mL) was added via cannula. 
The resulting mixture was stirred for 1 5 min at -78 *C, then warmed to -40 oC and stirred 
for 1 h, cooled to -78 *C and quenched by stow addition of saturated aqueous NH«Q (10 
mL) solution. The reaction mixture was warmed to 0 'C, and acetic add (1 .28 mL, 22.1 
mmoL 5.0 equiv) was added, followed by warming to 25 *C. Extractions with EtOAc (6x15 
mL), filtration through a short plug of silica get and concentration afforded, in high yield, a 
mixture of aidol products 33 and 34 along with unreacted starting acid 21 in a 35:50:1 5 ratio 
(1 H NMR). This crude material was used without further purification. 

Syntheaia of Eaters 38 and 36 aa illustrated in Figure 6. EDC Coupling of Alcohol 6 with 
Keto Adda 33 and 34. 8y analogy to the procedure described above for the synthesis of 
ester 22a, a solution of keto adds 33 and 34 (1 .034 g crude). 4-dirnetiTvlaminopyridine (4- 
DMAP, 43 mg, 0.35 mmol), and alcohol 6 (1.1 g, 5.24 mmol; synthesized aa compound 91 
(see above); eg. eJcohd 6 as shown in figure 6 is the same compound as compound 91 as 
shown in figure 12) in methylene chloride (4 mL) was treated with 1 -ethyH3-dimetriytamino- 
propyl)-3-carbcdlirnlde hydrcditoride (EDC, 1 .00 g. 5.24 mmd) to provide, after column 
chromatography (silica gel. 20% EtOAc in hexanes). ester 35 (0.587 g, 29% from koto acid 
21 ) and ester 36 (0.863 g. 44% from keto acid 21). 

Synthesis of Hydroxy Lactone 37 as Illustrated In Figure 6. Olefin Metathesis of Dlene 
35. A solution of dlene 35 (58 mg, 0.12 mmol) in methylene chloride (129 mL, 0.001 M) was 
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treated with bis(tricydohaxy)phosphine)banzyiidine ruthenium dichioride 
((RuCI 2 (=CHPh)(PCya)i, 10 mg, 0.0012 mmol, 0.1 equiv; Aldrich), in accordance with the 
procedure described for the synthesis of hydroxy lactone 25, to furnish, after column 
chromatography (silica gel, 1 5% EtOAc in hexanes) hydroxy lactone 37 (48 mg t 86%). 

Synthesis of Hydroxy Lsetone 38 as illustrated in Figure 6. Compound 38 was synthe- 
sized according to the procedure as described via supra for 38 using 38 instead of 38. 

Synthesis of Epothllenes 39, 40 and 41 as illustrated in Figure 8. Epoxidation of trans- 
Hydroxy Lactone 37. Procedure A: A solution of trans-hydroxy lactone 37 (20 mg f 0.08 
mmol) in CHCI 3 (1 mL, 0.06 M) was treated with meta-chloroperfoenzoic acid (mCPBA, 57- 

■ 

86 %, 15 mg, 0.05-0.07 mol, 0.9-1 .2 equiv) at -20 °C, and the reaction mixture was allowed 
to warm up to 0 °C. After 12 h, disappearance of starting material was detected by TIC, 
and the reaction mixture was then washed with saturated aqueous NaHCOj solution (2 mL) 
and the aqueous phase was extracted with EtOAc (3 x 2 mL). The combined organic layer 
was dried (MgS04), filtered and concentrated. Purification by preparative thin layer chroma* 
tography (250 mm silica gel plate. 30% EtOAc in hexanes) furnished epothitones 39 (or 40) 
(1 2 mg, 40%), 40 (or 39) (7.5 mg, 25%) and 41 (5.4 mg, 18%). Procedure B: To a solution 
of trans-hydroxy lactone 37 (32 mg, 0.07 mmol) in acetonitrile (1 .0 mL) was added a 0.0004 
M aqueous solution of disodium salt of ethylenediaminetetraacetic acid (NajEDTA 0.5 mL) 
and the reaction mixture was cooled to 0 *C. Excess of 1 .1 ,1 -Uifluoroacetone (0.2 mL) was 
added, followed by a porttonwise addition of Oxone® (200 mg, 0.35 mmol, 5.0 equiv) and 
NaHCOa (50 mg, 0.56 mmol, 8.0 equiv) with stirring, until the disappearance of starting ma- 
terial was detected by TLC. The reaction mixture was then treated with excess dimethyl 
sulfide (1 50 mL) and water (1.0 mL) and then extracted with EtOAc (4x2 mL). The com- 
bined organic layer was dried (MgSO«), filtered, and concentrated. Purification by prepara- 
tive thin layer chromatography (250 mm silica gel plate, 70% EtOAc in hexanes) provided a 
mixture of diastereofnaric epoxides, epoxide 39 (or 40) (1 5 mg, 45%) and o-isomerie 
epoxide 40 (or 39) (9.2 mg, 28%). 

Synthesis of EpothHones 42, 43 and 44 as illustrated In Figure 6. Compounds 42, 43, 
and 44 were synthesized according to the procedure as described above tor 39, 40 and 41 
using 38 instead of 37. 

Synthesis of Hydroxy Keto Adda 48 and 48 at illustrated In Figure 7. Compounds 48, 
and 48 were synthesized according to the procedure as described above tor 33 and 34 
using 8 instead of 21 . 
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Synthesis of Hydroxy Esters 4 and 47 as lllustratsd In Rgurs 7. Compounds 4 and 47 
were synthesized according to the procedure as described above for 35 and 36 using 45 
and 45 instead of 33 and 34. 

Synthesis of Hydroxy Lactones 3 and 45 as lllustratsd In Rgurs 5. Cyciization of Oiene 
42 via Olefin Metathesis was performed using conditions as described for the conversion of 
23 to 25 above substituting 4 in lieu of 23 to form 3 and 45. 

Synthesis of cls-Othydroxy Lactones 49 and 50 as lllustratsd In Figure 5. Destination 
of Compound 3 and 48: Compounds 49 and 50 were synthesized according to the proce- 
dure as described above for 28 and 28 using 3 and 48 instead of 25 and 28. 

Synthesis of Epothllonss A (1) snd 51*57 ss lllustratsd In Rgurs 8. Epoxidation of cis- 
Dihydroxy Lactone 49. Procedure A; A solution of ds-dihydroxy lactone 48 (24 mg f 0.05 
mmol) in CHCl* (4.0 mL) was reacted with meta-chioroperbenzoic add (mCPBA, 57-86%, 
13.0 mg, 0.04-0.06 mmol, 0.8-1 .2.equiv), at -20 to 0 *C, according to the procedure descri- 
bed for the epoxidation of 37, resulting in the isolation of epothilone A (1 ) (8.6 mg, 35%). its 
isomeric a-epoxlde 51 (2.8 mg, 13%), and compounds 52 (or 53) (1 .6 mg, 9%), 53 (or 52) 
(1 .5 mg, 7%), 54 (or 55) (1 .0 mg, 5%). and 55 (or 54) (1 .0 mg, 5%) (stereochemistry unas- 
signed for 52 and 53 and for 54 and 55), after two consecutive preparative thin layer chro- 
matographic purifications (250 mm silica gel plate, 5% MeOH in methylene chloride and 
70% EtOAc in hexanee). Procedure B: To a solution of ds-dihydroxy lactone 49 (1 5 mg, 
0.03 mmol) in methylene chloride (1.0 mL) at 0 *C was added dropwise a solution of dl- 
methyldioxirane in acetone (ca 0.1 M, 0.3 mL, ca 1 .0 equiv) until no starting lactone was 
detectable by TLC. The solution was then concentrated in vacuo and the crude product was 
subjected to two consecutive preparative thin layer chromatographic purifications (250 mm 
silica gel plate, 5% MeOH in methylene chloride and 70% EtOAc in hexanes), to obtain pure 
epothilone A (1) (7.4 mg, 50%), its isomeric a-epoxide 51 (2.3 mg, 15%). and epothilones 
52 (or 53) (0.8 mg, 5%) and 53 (or 52) (0.8 mg, 5%) (stereochemistry unassigned for 52 
and 53. Procedure C: As described in procedure B for the epoxidation of trans-hydroxy 
lactone 37, cis-dihydroxy lactone 49 (10.0 mg, 0.02 mmol) In MeCN (200 mL) was treated 
with a 0.0004 M aqueous solution of disodium salt of ethylenediaminetetrsacetic acid 
(Na 2 EDTA, 120 mL), excess 1.1.1 -trifiuoroacetbne (100 mL), Oxone* (61 mg, 0.10 mmol. 
5.0 equiv) and NaHCOj (14 mg, 0.18 mmol. 8.0 equiv). to yield, after purification by pre- 
parative thin layer chromatography (250 mm silica gel plate, ether), a mixture of diastereo- 
meric epoxides, spothitonee A (1) (6.4 mg, 62%) snd a-isomerie epoxide 51 (1.3 mg, 13%). 
Procedure O. A solution of ds-dihydroxy lactone 49 (18 mg, 0.037 mmol) in CHCtj (1.0 mL) 
waa treated with mett-chtoroperbenzoic add (mCPBA. 57-88 %, 1 5 mg, 0.049-0.074 mmol. 
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1 .3-2.0 equiv), according to the procedure described for the epoxidation of 37 f furnishing 
compounds 1 (2-7 mg, 15%), 51 (1.8 mg, 10%), 52 (or 53) (1.8 mg t 10%), 53 (or 52) (1.4 
mg, 8%), 54 (or 55) (1.4 mg, 8%), 55 (or 54) (1.26 mg, 7%), 56 (0.9 mg, 5%), and 57 (0.9 
mg, 5%) (stereochemistry unassigned for 52-57), after two consecutive preparative thin 
layer chromatographic purifications (250 mm silica gel plate, 5% MeOH in methylene chlo- 
ride and 70% EtOAc in hexanes). Epothtlone A (1). 

Synthesis of Compounds 54, 55, and 57 as Illustrated In Figure 8. Oxidation of Epothi- 
lone A (1) with mCPBA. A solution of epothilone A (1) (3.0 mg, 0.006 mmol) in CHO* (120 
mL f 0.05 M) was reacted with meta-chloroperbenzoic acid (mCPBA, 57-86%, 1 .1 mg, 
0.0023-0.0032 mmol, 0.8-1 .1 equiv; Aldhch), at -20 to 0 # C, according to the procedure de- 
scribed for the epoxidation of 37, resulting in the formation of bis(epoxides) 54 (or 55) (1 .1 
mg, 35%) and 55 (or 54) (1 .0 mg, 32%) along with sulfoxide 57 (0.2 mg, 6%). 

■ 

Synthesis of Epothllones 58-60 as Illustrated In Figure 9. Synthesis was the same as for 

1 with the following substitutions: (a) 0.9-1.3 equivalents of mCPBA, CHCI3, -20 * 0*C, 12 
hours, 58 (or 59) (5%). 59 (or 58) (5%), 80 (60%); (b) 1.0 equivalent of dimethyldioxirane, 
methylene chloride/acetone, 0*C. 58 (or 59) (10%), 59 (or 58) (10%), 60 (40%); (c) excess 
of CF3COCH3, 8.0 equivalents of NSJHCO3 , 5.0 equivalents of OxoneQ, MeCN/Na^SDTA 
(2: 1 ). Q°C, 58 (or 59) (45%), 59 (or 58) (35%). 

Synthesis of Dlhydroxy Eater 61 as illustrated In Figure 10. Synthesis was the same as 
for 49 and 50 with the following substitutions: use 47 in lieu of 3 and 48. 

Synthesis of Dlhydroxy Lactones 62 and 63 aa Illustrated In Figure 10. Olefin Meta- 
thesis of Dihydroxy Ester 61 . Same metathesis procedure as used in Figure 8 converting 4 
to 3 and 48, using instead 61 to form 62 and 63. 

Synthesis of EpothHones 64-89 at Illustrated In Figure 10. Compounds 6449 were syn- 
thesized according to the procedure as described above for 1 (Figure 5) using 62 or 63 

instead of 1 . 

Synthesis of Alcohol 68 as illustrated In Figure 12. AJIylboratton of Keto Aldehyde 84. 
Aldehyde 84 (16.0 g, 0.125 mol; Inuka, T.rYoshteawa, R. J. Org. Cham. 1967, 32, 404- 
407) was dissolved in ether (400 mL) and cooled to -100 *C. To this solution was added 
(+)-diisopinocainphaylallyiborana (800 mU 0.1 5 M in penttne, 0.125 md. 1 .0 equiv) by 
cannulation during 45 min. [(*)-Dlisopinocampheylallvlborana in pentsna is prepared by the 
adaptation of the standard methods reported by Brown] .After the addition was complete. 
m ~*,.« iMimm ti~~< mi *ame temnerature for 30 min. Methanol (20 mL) was added 
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at -100 *C, and the reaction mixture was allowed to reach room temperature. To this solu- 
tion was added saturated aqueous NaHCOj solution (200 mL), followed by H 2 Oj (80 mL of 
50% solution in HjO), and the reaction mixture was allowed to stir at room temperature for 
12 h. The reaction mixture was extracted. 

Synthesis of Ketone 88 as Illustrated In Figure 12. Situation of Alcohol 85. Compound 88 
was synthesized according to the procedure as described via supra for 17s using TBSOTf 
and 84 instead of 17a and TPSCt 

Synthesis of Ksto Aldehyde 87 as Illustrated In Figure 12. Ozonolysis of Ketone 86. 
Alkene 86 (2.84 g, 10 mmol) was dissolved in methylene chloride (25 mL) and the .solution 
was cooled to -78 *C. Oxygen was bubbled through for 2 min after which time ozone was 
passed through until the reaction mixture adopted a blue color (ca 30 min). The solution 
was then purged with oxygen for 2 min at -78 *C (disappearance of blue color) and PhjP 
(3.16 g, 1 2.0 mmol, 1 .2 equiv) was added. The cooling bath was removed and the reaction 
mixture was allowed to reach room temperature and stirred for an additional 1 h. the sol- 
vent was removed, under reduced pressure and the mixture was purified by flash column 
chromatography (silica gel, 25% ether in hexanes) to provide pure kete aldehyde 87 (2.57 
g, 90%). 

Synthesis of Keto Add 76 as illustrated In Figure 12. Oxidation of Keto Aldehyde 87. 
Aldehyde 87 (2.86 g, 10 mmol), tBuOH (50 mL). ieobutylene (20 mL, 2 M solution in THF, 
40 mmol, 4.0 equiv), HtO (10 mL), NaCKD, (2.71 g, 30.0 mmol, 3.0 equiv) and NaH 3 PO« 
(1 .80 g, 15.0 mmol. 1.5 equiv) were combined and stirred at room temperature for 4 h. The 
reaction mixture was concentrated under reduced pressure and the residue was subjected 
to flash column chromatography (silica gel. 50% ether in hexanes) to produce pure keto 
add 76 (2.81 g, 93%). Rf ■ 0.12 (sWcs gel, 20% ether in hexanes). 

Synthesis of Aldehyde 86 as Illustrated In Figure 12. Reduction of Ester 88. Ethyl ester 
88 (52.5 g, 0.306 mot AMrlch) was dissolved in methylene chloride (1 g and cooled to -78 
°C. OIBAL (460.0 mL 1 M solution in methylene chloride. 0.4896 mol. 1 .8 equiv) was ad- 
ded dropwtss via a cannula while the temperature of the reaction mixture was maintained at 
-78 °C. After the addition was complete, the reaction mixture was stirred at the same tem- 
perature until its completion was verified by TLC (cs 1 h). Methanol (100 mg was added at 
-78 a C and was followed by addition of EtOAc (1 L) and saturated aqueous NH 4 CI solution 
(300 mL). The quenched reaction mixture was allowed to warm up to room temperature 
and stirred for 12 h. Ths organic Isysr was sspsrated, and the aqueous phsss waaextrac- 
ted with EtOAc (3 x 200 mL). The combined organic phase was dried over MgSO* filtered. 
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and concentrated under reduced pressure. Flash column chromatography (silica gel, 10 to 
90% ether in hexanes) furnished the desired aldehyde 89 (33.6 g, 90%): Rf « 0.68 (silica 
gel, ether). 

Synthesis of Aldehyde 90 as illustrated in Rgure 12. Aromatic aldehyde 89 (31.1 g, 
0.245 mol) was dissolved in benzene (500 mL) and 2-(triphenytphosphoranilidene)-propion- 
aldehyde (90.0 g, 0.282 mol, 1 .15 equiv) was added. The reaction mixture was heated at 
reflux until the reaction was complete as judged by TLC (ca 2 h). Evaporation of the solvent 
under reduced pressure, followed by flash column chromatography (10 to 90% ether in 
hexanes) produced the desired aldehyde 90 (40.08 g, 98%). 

Synthesis of Alcohol 91 as illustrated In Rgure 12. Atfylboratton of Aldehyde 90. AJdehy- 
de 90(20.0 g, 0.120 mol) was dissolved in anhydrous ether(400 mL) and the solution was 
cooled to -1 00 *C. (+)-Diisopinocampheylallyl borane (1 .5 equiv in pentane, prepared from 
60.0 g of (*)>lpc2BOMe and 1 .0 equiv of aliyl magnesium bromide according to the method 
described for the synthesis of alcohol 85), was added dropwise under vigorous stirring, and 
the reaction mixture was allowed to stir for 1 h at the same temperature. Methanol (40 mL) 
was added at -1 00 °C, and the reaction mixture was allowed to warm up to room tempera- 
ture. Amino ethanoi (72.43 mL, 1 .2 mol, 10.0 equiv) was added and stirring was continued 
for 1 5 h. The work-up procedure was completed by the addition of a saturated aqueous 
NH 4 CI solution (200 mL), extraction with EtOAc (4 x 100 mL) and drying of the combined 
organic layers with MgS0 4 . Filtration, followed by evaporation of the solvents under reduced 
pressure and flash column chromatography (silica gel, 35% ether in hexanes for several 
fractions until ail the boron complexes were removed; then 70% ether in hexanes) provided 
alcohol 91 (24.09 g, 98%): Rf » 0.37 (60% ether in hexanes). 

Synthesis of Compound 92 as Illustrated In Figure 12. Silylation of Alcohol 91. Alcohol 
91 (7.0 g, 0.033 mol) was dissolved In DMF (38 mL 1 .0 M), the solution was cooled to 0 *C 
and imidazole (3.8 g, 0.080 mol, 1 .8 equiv) was added. After stirring for 8 min, tert-outyWi- 
methylsilyl chloride (6.02 g, 0.040 mol, 1 .2 equiv) was added portionwise and the reaction 
mixture was allowed to stir at 0 'C for 45 min, and then at 25 *C for 2.5 h, after which time 
no starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 °C and the sol- 
vent was removed under reduced pressure. Ether (100 mL) was added, followed by satu- 
rated aqueous NH«CI solution (20 mL), the organic phase was separated and the aqueous 
phase was extracted with ether (2 x 20 mL). The combined organic solution was dried 
(MgS0 4 ). filtered over ceiite and the solvents were removed under reduced pressure. Rash 
column chromatography (silica gel. 1 0 to 20% ether in hexanes) provided pure 92 (10.8 g, 

99%). 



* 
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Synthesis of Aldehyde 82 as Illustrate In Rgure 12. Dihydroxylation of Olefin 92 and 1 ,2 
Glycol Cleavage. Olefin 92 (16.7 g, 51.6 mmol) was dissolved in THFABuOH (1 : 1. 500 mL) 
and H,0 (50 mL). 4-Methyimorpholine N-oxide (NMO) (7.3 g, 61.9 mmol, 1.2 equiv) was ad- 
ded at 0 °C. followed by OsO« (5.2 mL. solution in tBuOH 1.0 mol%, 2.5% by weight). The 
mixture was vigorously stirred tor 2.5 h at 0 °C and then for 12 h at 25 'C. After completion 
of the reaction, NS2S03 (5.0 g) was added at 0 °C, followed by HaO (100 mL). Stirring was 
continued for another 30 min and then ether (1 L) was added, followed by saturated aque- 
ous NaCI solution (2 x 100 mL). The organic phase was separated and the aqueous phase 
was extracted with ether (2 x 1 00 mL). The combined organic extracts were dried (MgS04), 
filtered, and the solvents were removed under reduced pressure. Rash column chromato- 
graphy (silica gel, ether to EtOAc) provided 1 7.54 g (95%) of the expected 1 ,2-diol as a 1 :1 

■ 

mixture of diastereoisomera. 

* * 

The diol obtained from 92 as described above (5.2 g. 14.5 mmol) was dissolved in EtOAc 
(1 50 mL) and cooled to 0 *C. Pb(OAc)4 (8.1 g, 95% purity, 18.3 mmol, 1 .2 equiv) was then 
added poiHonwiae over 10 min, and the mixture was vigorously stirred for 15 min at 0 •C. 
After completion of the reaction, the mixture was filtered through silica gel and washed with 
60% ether in hexanes. The solvents were then removed under reduced pressure providing 
pure aldehyde 82 (4.7 g, 98%). 

Synthesis of Alcohol 93 as Illustrated In Rgure 12. Reduction of Aldehyde 82. A solution 
of aldehyde 82 (440 mg, 1 .35 mmol) in MeOH (1 3 mL) was treated with NaBhU (74 mg, 2.0 
mmol, 1.5 equiv) at 0 *C for 15 min. The solution was diluted with ether (100 mL) and then 
saturated aqueous NH4CJ solution (5 mL) was carefully added. The organic phase was 
washed with brine (10 mL), dried (MgS04) and concen tr ated. Rash column chromatogra- 
phy (silica gel, 60% ether in hexanes) gave alcohol 93 (425 mg, 98%) as a colorless oil. 26: 
Rf ■ 0.52 (silica get 60% ether in hexanes). 

Syntheeie of Iodide 94 aa illustrated In Rgure 12 lodination of Alcohol 93. A solution of 
alcohol 93 (14.0 g, 42.7 mmol) in ether MeCN (3:1. 250 mL) was cooled to 0 *C. Imidazole 
(8.7 g, 128.1 mmol, 3.0 equiv). Ph»P (16.8 g, 64.1 mmol, i .5 equiv), and iodine (16.3 g, 
64.1 mmol, 1 .5 equiv) were sequentially added and the mixture was stirred for 0.5 h at 0 'C. 
A saturated aqueous solution of NaAO, (50 mL) waa added, followed by the addition of 
ether (600 mL). The organic phase was washed with brine (50 mL). dried (MgS04), and the 
solvents were removed under vacuum. Rash column chromatography (silica gel, 1 5% ether 
in hexanes) gave pure iodide 94 (1 6.6 g, 89%) as a colorless of. 
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Synthesis of Phosphonlum Salt 79 ss illustratsd In Figure 12.. A mixture of iodide 94 
(i6.5g, 37.7 mmol) and Ph 3 P (10.9 g, 41.5 mmoi, 1.1 equiv) was heated neat at 100 "C for 
2 h. Purification by flash column chromatography (silica get, methylene chloride; then 7% 
MeOH in methylene chloride) provided phosphonium salt 79 (25.9 g, 98%) as a white solid: 
Rf s 0.50 (silica gel, 7% MeOH in methylene chloride). 

Synthesis of Hydrazone 95 ss illustrated In Figure 13. Alkylation of Hydrazone 60. Hy- 
drazone 80 (20.0 g, 1 17.0 mmol, 1 .0 equiv), dissolved in THF (80 mL), was added to a 
freshly prepared solution of LDA [1 9.75 mL of diisopropylamine (1 41 .0 mmol, 1 .2 equiv was 
added to a solution of 88.1 mL of 1 .6 M solution of n-BuLi in hexanes (141 mmol, 1 .2 equiv) 
in 160 mL of THF at 0 °C] at 0 'C. After stirring at this temperature for 8 h, the resulting 
yellow solution was cooled to -100 'C, and a solution of 4-iodo-1 -benzyloxybutane (36.0 g, 
.1 24.0 mmol, 1 .2 equiv) in THF (40 mL) was added dropwise over a period of 30 min. The 
mixture was allowed to warm to room temperature over 8 h, and was then poured into 
saturated aqueous NH 4 CI solution (40 mL) and extracted with ether (3 x 200 mL). The 
combined organic extracts ware dried (MgSO*), tittered and evaporated. Purification by 
flash column chromatography on silica gel (20% ether in hexanes) provided hydrazone 95 
as a yellow oil (35.8 g. 92%, de > 96% by 1 H NMR). 

Synthesis of Aldehyde 88 as Illustrated In Figure 13. Cleavage of Hydrazone 95. Pro- 
cedure A: A solution of hydrazone 95 (13.0 g. 39.1 mmol) in methylene chloride (50 mL) 
was treated with ozone at -78 *C until the solution turned blue-green. The solution was 
purged with oxygen tor 2 min at -78 *C, allowed to warm to room temperature, and then 
concentrated. The crude mixture so obtained was purified by flash column chromatography 
(silica gel, 10% ether in hexanes) to give aldehyde 96 (6.6 g, 77%) as a cotoriesi 
Procedure B: A solution of hydrazone 98 (30 g. 90.3 mmol) in Mel (100 mL) was heat 
60 *C. After 5 h, the reaction was complete (TLC), and the mixture was concentrated, 
resulting crude product was suspended in n-pentane (360 mL) and was treated with 3 
aqueous HO (360 mL). The two-phase system was vigorously stirred for 1 h, and the 
ous phase was extracted with n-pentane (3 x 200 mL). The combined organic solutior 
dried (MgS04), concentrated and purified by flash column chromatography (silica gel. 
ether in hexanes) to give 96 (17.1 g. 86%): Rf • 0.49 (silica gel. 50% ether in hexanes 

Synthesis of Alcohol 97 sa Illustrated In Figure 13. Reduction of Aldehyde 96. A* 
of aldehyde 96 (1 7.0 g, 77.0 mmoi) in MeOH (200 mQ was treated with NaBH« (8.6 g, 
mmol, 3.0 equiv) at 0 *C for 1 5 min. The solution was then diluted with ether (400 ml 
saturated aqueous NH 4 CJ solution (50 mL) was carefully added. The organic phase * 
wsshed with brine ISO mU. dried (MoSOJ, and concentrated. The crude product was 
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fied by flash column chromatography (silica gel. 40% ether in hexanes) to give alcohol 97 
(1 6.8 g, 98%) as a colorless oil. 

Synthesis of Sllyt Ether 98 ss illustrated in Figure 13. Silyiatlon of Alcohol 97. Alcohol 
97 (17.0 g, 76.0 mmol) was dissolved in methylene chloride (350 mL). the solution was coo- 
led to 0 'C and EfcN (21.2 mL, 152.0 mmol, 2.0 equiv) and 4-DMAP (185 mg, 1.52 mmol. 
0.05 equiv) were added. After stirring for 5 min, tert-butyldimethylsilyl chloride (17.3 g. 1 15 
mmol, 1 .5 equiv). was added portionwise, and the reaction mixture was allowed to stir at 
0 °C for 2 h, and then at 25 *C for 10 h. Methanol (20 mL) was added at 0 *C and the sol- 
vents wsre removed under reduced pressure. Ether (200 mL) and saturated aqueous 
NH 4 CI solution (30 mL) were sequentially added, and the organic phase was separated. 
The aqueous phase was extracted with ether (2 x 100 mL) and the combined organic layer 
was dried (MgSO*). filtered and concentrated under reduced pressure. Purification by flash 
column chromatography (silica gel, 5% ether in hexanes) provided pure silvi ether 98 (24.4 
g.95%). 

Synthesis of Alcohol 98 ss illustrated In Figure 13. Hydrogsnolysis of Benzyl Ether 98. 
To s solution of benzyl ether 98 (21.0 g, 62.5 mmol) in THF (200 mg was added 10% 
Pd(OH)yC (1 .0 g). The reaction wae allowed to proceed under an atmosphere of H, at a 
pressure of 50 psi and at 25 *C (Parr hydrogenetor apparatus). After 1 5 min, no starting 
benzyl ether was detected by TLC, and ths mixture was filtered through cettte. The clesr 
solution was c oncentrate d under reduced pressure and the resulting crude product wss 
purified by flash column chromatography (silica gel. 40% ether in hexanes) to give alcohol 
99 (1 4.7 g, 95%) ss sectorises oil. 

Synthesis of Aldehyde 77 ss Illustrated In Figure 13. Oxidation of Alcohol 99. Toa 
solution of oxsJyi chtoride (5.6 mL, 65.0 mmol, 2.0 equiv) in methylene chloride (250 mg 
was added drepwise OMSO (9.2 mL, 1 30 mmol, 4.0 equiv) at -78 *C. After stirring for 1 5 
min, a solution of sJeohoi 99 (8.0 g, 32.0 mmol, 1.0 equiv) in methylene chloride (50 mL) 
was added dropwise at -78 *C ovsr s 1 5 min psriod. Ths solution wss sti/Ted for further 30 
min at -78 'C, and Et»N (27.1 mL 1 94 mmol, 6.0 equiv) was sdded at the same tempera- 
ture. The reaction mixture was allowed to warm to 0 *C over 30 min and then ether (400 
mL) was added, followed by saturated aqueous NH 4 CI solution (100 mL). The organic 
phase was separated, and the aqueous phase was extracted with ether (2 x 300 mL). The 
combined organic solution was dried (MgSOO, filtered and concentrated under reduced 
pressure. Purification by flash column chromatography (silica get. 20% ether in hexanes) 
provided aldehyde 77 (7.9 g, 98%) as a colorless oH. 
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Synthesis of Alcohol 100 as Illustrated In Figure 13. To a cold (0 °C) solution of aide* 
hyde 77 (7.8 g. 32*0 mmol) in THF (300 mL) was slowly added MeMgBr (1 .0 M solution in 
THF, 48.0 mL 48.0 mmol, 1 .5 equiv). The reaction mixture was stirred for 15 min at 0 °C 
and then it was diluted with ether (500 mL) and quenched by carefull addition of saturated 
aqueous NH 4 CI solution (100 mL). The organic phase was washed with brine (100 mL), 
dried (MgS0 4 ), and concentrated. The crude product so obtained was purified by flash co- 
lumn chromatography (silica gel, 30% ether in hexanea) to give alcohol 100 (7.0 g f 84%) as 
a colorless oil. 



Synthesis of Ketone 78 as illustrated In Figure 13. Oxidation of Alcohol 100. To a solu- 
tion of alcohol 100 (7.0 g, 27.0 mmol) in methylene chloride (250 mL) was added molecular 
sieves (4 K 6.0 g), 4-methylmorphollne-N-oxide (NMO) (4.73 g, 40.0 mmol, 1 .5 equiv) and 
tetrapropylammonium perruthenate (TPAP) (189 mg, 0.54 mmol, 0.02 equiv) at room tem- 
perature. After stirring for 45 min (depletion of starting material, TLC), the reaction mixture 
was filtered through eeiite, and the solvent was removed under reduced pressure.. The cru- 
de product was purified by flash column chromatography (silica gel, 20% ether in hexanes) 
to give ketone 78 (8.6 g. 96%) as a colorless oil. 



Synthesis of iodide 113 as lliusvited In Figure 15. lodination of Alcohol S9. A 
of alcohol 99 (3.8 g, 15.0 mmol) in ether MeCN 3:1 (150 mL) was cooled to 0 *C. Imidazole 
(3.1 g. 45.0 mmol, 3.0 equiv), PlijP (5.9 g, 22.5 mmol, 1.5 equiv) and iodine (5.7 g, 22.5 
mmol, 1 .5 equiv) were sequentially added and the reaction mixture was stirred at 0 'C for 
0.5 h. A saturated aqueous solution of NagS^ (200 mL) was added followed with ether 
(200 mL). The organic phase was washed with brine (200 mL). dried (MgS04). and the sol- 
vents were removed under vacuum. The crude product was purified by flash column chro- 
matography (silica gel, 10% ether in hexanes) to give pure iodide 113 (4.9 g. 91%) as a co- 
lorless oil. 

Synthesis of Phoephonlum Salt 114 as illustrated In Figure 15. A mixture of iodide 113 
(4.7 g, 13.1 mmol) and Ph3P (3.8 g. 14.4 mmol, 1 .1 equiv) was heated neat at 1 00 *C for 2 
h. Purification by flash column chromatography (silica gel, Methylene chloride to 7% MeOH 
in methylene chloride) provided phospnonium salt 1 14 (7.4 g, 91%) as a white solid: Rf « 
0.42 (silica gel, 5% MeOH in Methylene chloride). 

Synthesis of Olefin 101 aa Illustrated In Figure 16. Method A. From Phospnonium Salt 
79 and Aldehyde 77. Phospnonium salt 79 (13.60 g. 19.4 mmol, 1 .2 equiv) was dissolved 
in THF (80 mL 0.2 M) and the solution was cooled to 0 *C. Sodium hexamethyldisllylamide 
(NaHMDS. 1 9.4 mL 19.4 mmol. 1 .0 M solution m THF, 1 .2 equiv) was slowly added and the 
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resulting mixture was stirred for 1 5 min before aldehyde 77 (3.96 g, 1 6.2 mmol, 1 .0 equiv, in 
10 mL of THF) was added at the same temperature. Stirring was continued for another 1 5 
min at 0 *C and then, the reaction mixture was quenched with saturated aqueous NH«CI so- 
lution (25 mL). Ether (250 mL) was added and the organic phase was separated and 
washed with brine (2 x 40 mL). dried (MgSO«) and concentrated under vacuo. The crude 
product was purified by flash column chromatography (silica gel, 10% ether in hexane) to 
afford olefin 34 (6.70 g, 77%) as a mixture of Z- and E-isomers (ca 9 : 1 by 1 H NMR). 
Method B. From Phosphonium Salt 1 1 4 and Aldehyde 82. Phosphonrum salt 1 1 4 (7.40 g, 
1 1 .96 mmot, 1 .2 equiv) was dissolved in THF (120 mL 0.1 M) and the solution was cooled 
toO'C. Sodium hexamethyldisilylamide (NaHMDS, 11.96 mL. 11.96 mmd, 1.0 M solution 
in THF, 1 .2 equiv) was slowly added at the same temperature and the resulting mixture was 
stirred for 1 5 min. before aldehyde 82 (3.20 g, 9.83 mmol. 1 .0 equiv, in 20 mL of THF; vida 
supra) was slowly added. Stirring was continued for another 1 5 min at 0 - C and then the 
mixture was quenched with saturated aqueous NH4O solution (150 mL). Ether (200 mL) 
was added and the organic phase was separated and washed with brine (2 x ISO mL), 
dried (MgSO*) and conce ntra ted under reduced pressure to afford the crude product Rash 
column chromatography (siBca gel, 10% ether in hexane) furnished olefin 101 (3.65 g, 69% 
yield) as a mixture of Z- and E-isomers (ca 9:1 by 1H NMR). 

Synthesis of alcohol 102 as illustrated In Figure 14. Compound 101 (1 .77 g, 3.29 mmol) 
was dissolved in methylene chloride : MeOH (1:1. 66 mL) and the solution was cooled to 0 
°C and CSA (764 mg, 3.29 mmol, 1.0 equiv) was added over a 5 min period. The mixture 
was stirred for 30 min at 0 *C, and then tor 1 hat 25 'C. EtjN (2.0 mL) was added, and the 
solvents were removed under reduced pressure. Rash column chromatography (siSca gel, 
50% ether in hexanes) furnished the desired alcohol 35 (1 .2 g. 86%). 

■ 

Sym^eaiac4Ald«hyo>74aaUtuetratedlnRgure14 Oxidation of Alcohol 102. Alcohol 
102 (1.9 g, 4.5 mmol) was dissolved in methylene chloride (46 mL 0.1 M). DMSO (13.5 
mg, EtgN (3.0 mL 22.4 mmol, 5.0 equiv) and SCypyr (1.43 g. 8.98 mmol, 2.0 equiv) were 
added at 29 *C and the resulting mixture was stirred for 30 min. Saturated aqueous NH«D 
solution (100 mg and ether (200 mL) were added sequentially. The organic phase was 
wsshed with brine (2 x 30 mL), dried (MgSO) snd the solvents were removed under redu- 
ced pressure. Rash column chromatography (silica gel, 30% ether in hexanes) furnished 
aldehyde 74 (1 .79 g, 94%). 

Synthesis of compounds 106 and 106 ss illustrated In Figure 14: Aidoi Reaction of 
Keto Add 76 with Aldehyde 74. A solution of keto add 76 (1.52 g, 5.10 mmol, 1.2equlv; 
synthesized vida supra) in THF (10 mL) was added dropwise to a freshly prepared solution 
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of ID A [diisopropytamine (1 .78 mL 1 2.78 mmol) was added to n-BuU ( 7.95 mL, 1 ,6 M 
solution in hexanes, 12.78 mmol) in 20 mL of THF at 0 °C] at -78 °C. After stirring for 1 5 
min, the solution was allowed to warm to -40 °C, and after 0.5 h at that temperature it was 
recooled to -78 °C. A solution of aldehyde 74 (1 .79 g v 4.24 mmol, 1 .0 equiv) was added 
dropwise and the resulting mixture was stirred for 15 min, and then quenched at -78 °C by 
slow addition of saturated aqueous NhUCI solution (20 mL). The reaction mixture was 
warmed to 0 °C, and AcOH (2.03 mL, 26.84 mmol, £.3 equiv) was added, followed by 
addition of EtOAc (50 mL). The organic layer was separated and the aqueous phase was 
extracted with EtOAc (3 x 25 mL). The combined organic solution was dried over MgS0 4 

w 

and concentrated under vacuum to afford a mixture of aidol products 103*1 03b in a ca 1 :1 
ratio (1 H NMR) and unreacted keto acid 76. The mixture was dissolved in methylene chlo- 
ride ( 50 mL) and treated, at 0 'C, with 2.6-lutidine (3.2 mL, 27.36 mmol) and tert-butyWi- 
methyisilyl trifluoromethanesulfonate (4.2 mL, 1 8.24 mmol). After stirring for 2 h (complete 
reaction by TLC), aqueous HO (20 mL, 10% solution) was added and the resulting Diphasic 
mixture was separated. The aqueous phase was extracted with methylene chloride (3 x 20 
mL) and the combined organic solution was washed with brine (50 mL), dried (MgSO.) and 
concentrated under reduced pressure to give a mixture of the tetra-tert-butyldimethyisilyl 
ethers 104a and 104b. The crude product was dissolved in MeOH (50 mL) and KjCQs 
(1 .40 g, 10.20 mmol) was added at 25 'C. The reaction mixture was vigorously stirred for 
1 5 min, and then filtered. The residue was washed with MeOH (20 mL) and the solution 
was acidified with ion exchange resin (DOWEX 50WX8-200) to pH 4-5, and filtered again. 
The solvent was removed under reduced pressure and the resulting residue was dissolved 
in EtOAc (50 mL) and washed with saturated aqueous NH 4 C1 solution (50 mL). The aque- 
ous phase was extracted with EtOAc (4 x 25 mL) and the combined organic solution was 
dried (MgS04). filtered and concentrated to furnish a mixture ofcarboxvUc acids 105. 106 
and 78. Purification by preparative thin layer chromatography (sltica gel, 5% MeOH in 
methylene chloride), gave pure adds 105 (1.1 g, 31% from 7) and 106 (1.0 g, 30% from 7) 
as colorless oils. 

Synthesis of Hydroxy Add 72 as illustrated In Figure 14. Selective DesHylation of tris- 
(SilyO Ether 105. A sdution of tris(silyO ether 105 (300 mg, 0.36 mmol) in THF (7.0 mL) at 
25 °C was treated with TBAF (2.2 mL 1 M solution in THF, 2.2 mmol, 6.0 equiv). After stir- 
ring for 8 h, the reaction mixture was diluted with EtOAc (10 mL) and washed with aqueous 
HCI (lOmU 1 N solution). The aqueous solution was extracted with EtOAc (4 x 10 mL) and 
the combined organic phase was washed with brine (10 mL), dried (MgSO«) and concentra- 
ted. The crude mixture was purified by flash column chromatography (sfllcsgel, 5% MeOH 
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in methylene chloride) to provide hydroxy add 72 (203 mg, 78%) as a yellow oil: Rf = 0.40 
(silica gel, 5% MeOH in methylene chloride). 

* 

Synthesis of Hydroxy Acid 107 as Illustrated In Figure 14. Selective Desilylation of tris- 
(Silyl) Ether 106. Carboxylic acid 106 (150 mg, 0.18 mmol) was converted to hydroxy acid 
1 07 (1 07 mg, 82%) according to the procedure described above for 72. . 

Synthesis of Lactone 108 as Illustrated In Figure 14. Macrolactonization of Hydroxy Acid 
72. A solution of hydroxy acid 72 (200 mg, 0.28 mmol) in THF (4 mL) was treated at 0 °C 
with EtaN (0.23 mL. 1 .68 mmol, 6.0 equiv) and 2,4,6-trichtorebenzoyt chloride (0.22 mL, 
1 .40 mmol, 5.0 equiv). The reaction mixture was stirred at 0 *C for 1 5 min, and then added 
to a solution of 4-DMAP (342 mg, 2.80 mmol, 10.0 equiv) In toluene (140 mL) at 25 °C and 
stirred at that temperature for 0.5 h. The reaction mixture was concentrated under reduced 
pressure to a small volume and filtered through silica gel. The residue was washed with 
40% ether in hexanes, and the resulting solution was concentrated. Purification by flash 
column chromatography (silica gel, 2% MeOH in methylene chloride) furnished lactone 108 
(1 78 mg, 90%) as a colorless oil. 

Synthesis of Lactone 109 as Illustrated In Figure 14. Macrolactonization of Hydroxy Acid 
107. The cyclization of hydroxy acid 107 (100 mg, 0.14 mmol) was carried out exactly as 
described for 1 08 above and yielded lactone 109 (84 mg, 85%) as a colorless oil. 

■ 

Synthesis of Dihydroxy Lactone 70 and 1 10 as Illustrated In Figure 14. To lactone 1 08 
(50 mg, 0.071 mmol), cooled to -20 •C, was added a freshly prepared 20% (v/v) CF,COOH 
solution in methylene chloride (400 mL). The reaction mixture was allowed to reach 0 'C 
and was stirred for 1 h at that temperature. The solvents were evaporated under reduced 
pressure and the crude product was purified by preparative thin layer chromatography (si- 
lica gel. 6% MeOH in methylene chloride) to afford pure dihydroxy lactone 70 (31 mg, 92%); 
110 is prepared in a likewise manner as shown in Figure 14. 

Synthesis of 6S,7R-EpothUones 111 and 112 as Illustrated In Figure 14. Synthesized 
according to the procedure as described via supra for 1 using 70 or 110 instead of 1. 

Synthesis of Oleflnie Compound 115 as illustrated In Figure 16. Phoephonium salt 79 
(9.0 g, 12.93 mmol, 1 .5 equiv: vida supra) was dissolved in THF (90 mL) and ths solution 
was cooled to 0 °C. Sodium bis(trimethylsilyl)amide (NaHMDS, 1.0 M solution in THF, 12.84 
mL 1 2.84 mmol, 1 .48 equiv) was slowly added and the resulting mixture was stirred atO'C 
for 1 5 min. The reaction mixture was then cooled to -20 # C before ketone 78 (2.23 g, 8.62 
mmai 1 a M . ,»\ i n tub m ft mi i was iddtd and the reaction mixture was stirred at the 
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same temperature for 12 h. Saturated aqueous NKUCI solution (50 mL) was added and the 
mixture was extracted with ether (200 mL). The organic phase was washed with brine (2 x 
1 00 mL), dried (MgS0 4 ) and concentrated to afford, after flash column chromatography (si- 
lica gel. 2% ether in hexanes), olefins 115 (3.8g, 73%, ZE ca. 1:1 by 1H NMR). 

Synthesis of Hydroxy Olefins 116 as illustrated In Figure 16. Desilylation of Silylether 
1 1 5. Silylether 1 1 5 (3.80 g, 6.88 mmof) was dissolved in methylene chloride : MeOH (1:1, 

70 mL) and the solution was cooled to 0 °C prior to addition of CSA (1 .68 g, 7.23 mmol, 

1 .05 equiv) during a 5 min period. The resulting mixture was stirred for 30 min at 0 °C, and 
then for 1 h at 25 °C. Et»N (1 .57 mL, 7.23 mmol, 1 .05 equiv) was added, and the solvents 
were removed under reduced pressure. Rash column chromatography (silica gel, 50% 
ether in hexanes) furnished pure hydroxy compound 1 1 6 (2.9 g, 97%). 

Synthesis of Epothilone B (2) and analogs ss Illustrated In Figure 16. Synthesized ac- 
cording to the procedure as described above as shown in Figure I4forl1land112 using 

71 or 123 instead of 110. 

Synthesis of Aldehyde 75 ss Illustrated In Figure 17. Synthesized in a similar manner 
according to the procedure as described for 101 via supra as shown in Figure 15 using a 
different order of substrata addition; see conditions in description of Figures. 

Synthesis of Lactone 121. 71, 2, 124 and 136 ss Illustrated in Figure 18. Synthesized 
according to the procedure ss described abovo as shown in Figure 16 using 75 instead of 
75'; see conditions in description of Figures. 

Synthesis of Carboxyllc Add 110 as Illustrated in Figure 19. Synthesized according to 
the procedure as described sbove as shown in Figure 1 6 using 136 instead of 75'; see 
conditions in description of Figures. 

Synthesis of of aldehyde 149 ss Illustrated in Flgurs 21 Synthesized according to the 
procedure as described above as shown in Figure 13 tor 77; see conditions in description i 
Figures. 

Synthesis of phosphonium resin 147 as Illustrated In Figure 21. Step 1) Allegation of 
Merrifield Resin: A solution of 1 ,4-butanediol ( 7.18 g. 80.0 mmol, 5.0 equiv.) in DMF (600 
mL) was cooled to 0 °C and sodium hydride (60 %, 3.20 g, 80.0 mmol, 5.0 equiv.) was 
added. The reaction mixture was stirred at O °C for 2 h and Merrifield resin (40.0 g, 16.0 
mmol, 1 .0 equiv.) followed by n-Bu4NI (0.58 g. 1 .60 mmol, 0.1 equiv.) were added. The 
reaction mixture was stirred at 23 *C tor 20 h, then poured into a frit, and the polymer was 
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washed with MeOH (2 x 500 mL). DMF (500 mO, H20 at 80 oC (500 mL). DMF (500 ml), 
MeOH (500 mL), CHaCIa (500 mL). EtaO (2 x 300 mL). The resin was dried under high 
vacuum to a constant weight of 40.8 g. 

Step 2) Conversion of alcohol resin. A suspension of resin from above step 1 (40.8 g, 16.0 
mmol, 1 .0 equiv:) in CH 2 CI 2 (700 mL) at 23 °C was treated with PhJP (20.9 g, 80.0 mmol, 
5.0 equiv.), imidazole (6.46 g, 80.0 mmol, 5.0 equiv.) and iodine (16.0 g, 64.0 mmol, 4.0 
equiv.). The reaction mixture was stirred at 23 °C for 3 h, then poured into a frit, and the po- 
lymer was washed with CHjCfe (500 mL), MeOH (500 mL), OHjCk (500 mL), MeOH (500 
mL), CH2CI2 (500 mL), EtaO (2 x 300 mL). The resin was dried under high vacuum to a 
constant weight of 42.6 g. 

i 

Step 3) Reaction of iodo resin formed in step 2 with PI13P. A suspension of iodo resin 
(42.6 g. 1 6.0 mmol. 1 .0 equiv.) in DMF (200 mL) at 23 °C was treated with Pt^P (41 .9 g. 
160 mmol, 10 equiv.). The reaction mixture was stirred at 90 °C for 12 h, then poured into a 
frit, and the polymer was washed with DMF at 80 °C (3 x 500 mL), CHaCIa (500 mL), DMF 
(500 mL), Et»0 (3 x 500 mL). The resin was dried under high vacuum to a constant weight 
of 46.61 g. 

Synthesis of Yllds resin 148 as Illustrated In Figure 21 Deprotonation of Phosphonim re- 
sin 147: A suspension of resin 147 (15.0 g. 5.1 1 mmol, 1 .0 equiv.) in a mixture of DMSO (50 
mL) THF (35 mL) at 23 °C was treated with a 1 M solution of NaHMDS in THF (1 5.3 mL, 
1 5.3 mmol. 3.0 equiv.). The reaction mixture was stirred at 23 °C for 12 h, then canuiated 
into a Schlenk frit and the polymer was washed under argon with THF (3 x 1 00 mL). 

Synthesis of resin 150 as Illustrated In Figure 21 Wlttig reaction of ylide resin 148 with al- 
dehyde 149 (vida supra). A solution of aldehyde 149 (2.50 g, 10.22 mmol, 2.0 equiv.) in 
THF (25 mL) was cooled at -78 °C and added to the freshly prepared resin 148 (5.11 mmol. 
1 .0 equiv.) via canula. The resulting suspension was shaken at 23 °C for 3h, and the super- 
natant was filtered off. The polymer was washed with THF (100 ml), MeOH (100 mL), 
CH,CI 2 (100 mL). MeOH (100 mL), CHiO, (100 mL), EtaO (2 x 100 mL). The resin was dried 
under high vacuum to a constant weight of 1 4.1 2 g. 

» 

Synthesis of resin 148 as Illustrated in Figure 21 Step 1) Desilyiation of resin 150 with 
HF • Pyridine complex. Resin 150 (14.0 g, 5.05 mmol, 1 .0 equiv.) was suspended in THF 
(1 35 mL) and treated at 0 °C with HPPyridine complex (1 5 mL). The mixture was allowed to 
warm to 23 °C and shaken for 12 h. The suspension was poured into a frit and the polymer 
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was filtered, washed with THF (100 mL), CHaCI* (100 mL), MeOH (100 mL), CHjCfe (100 
mL), Et 2 0 (2 x 100 mL) and dried under high vacuum to give 13.42 g of deprotected resin. 

Step 2) Swern oxidation of deprotected resin. To an Oxaiyt Chloride (2.56 g, 1 .76 mU 20.0 
mmol, 4.0 equiv.) solution in CH2CI2 ( 50 mL) at -78 °C was added dropwise DMSO ( 3.12 g, 
2.84 mL 40.0 mmol, 8.0 equiv.). The solution was stirred at -78 °C for 1 h and canulated in* 
to a suspension of resin (13.26 g, 5.0 mmol, 1.0 equiv.) in CHjCla . previously cooled to 
-78 °C. The resulting mixture was stirred for an additional hour and treated with EfeN ( 6.25 
g, 8.0 mL, 62.5 mmol, 12.5 equiv.), allowed to warm to 23 °C and stirred for 1h. The mixture 
was filtered and the polymer washed successively with CH2CI2 (250 mL), MeOH (250 mL), 
CH2CI2 (250 mL), EtaO (2 x 300 mL), and dried under high vacuum to afford 13.25 g of resin 

145. 

Synth tsis of resin 151 as Illustrated In Figure 21 Step 1) Enoiate formation. To a pre* 
cooled solution of LOA (6.60 mmol, 4.4 equiv.) obtained by treating diisopropyi amine (0.92 
ml, 6.60 mmol. 4.4 equiv.) in THF (25 mL) at 0 °C with n-butyllithium (1.6 M solution in THF, 
4.12 mL, 6.60 mmol, 4.4 equiv.) was added a solution of ketoadd 144 (vida supra) (0.93 g, 
3.0 mmol, 2.0 equiv.) in THF (25 mL) at -78 °C via canula. The solution was allowed to 
warm to -40 °C and stirred for 1 h. 

Step 2) Aldol reaction. A suspension of resin 145(4.0 g, 1 .50 mmol, 1 .0 equiv.), ZnO, (1 .0 
M solution in Et a O. 3.0 mL, 3.0 mmol. 2.0 equiv!) in THF (25 mL). was treated at -78 °C with 
the enoiate solution described above. The suspension was allowed to warm to -40 °C, stir- 
red for 2 h, quenched with saturated NH 4 Q aq. (8 mL) and neutralised at 23 °C with AcOH 
(0.76 mL, 13.2 mmol. 8.8 equiv). The mixture was poured into a frit the polymer was wa- 
shed with THF (100 mL), EtaO (100 mL), CHaClj (100 mL). H*0 (100 mL). MeOH (100 mL). 
CHjCIj (100 mL). 1% TFA v/v in CH,Oa ( 3x75 mL), CHaOt (2x100 mL). EtjO (2x100 mL) 
and dried under vacuum to afford 1 .96 of resin 151. 

Synthesis of resin 152 ae Illustrated In Figure 21. Esterification of resin 151 with alcohol 
143. A mixture of resin 151 ( 1.40 g. 0.46 mmol. 1.0 equiv.). alcohol 143 (vide supra) ( 0.49 
g, 2.31 mmol. 5.0 equiv.). 4-0MAP (0.32 g, 2.31 mmol, 5.0 equiv.) and DCC (0.46 g, 2.31 
mmol, 5.0 equiv.) in CHjCl, (10 mL) was shaken al 23 °C for 15 h. The polymer was filtered, 
washed with CHaCI, (2x50 mL). MeOH (2x50 mL). CHjCta (2x50 mL). Et»0 (2x50 mL) and 
dried under vacuum to afford 1 ,48 g of resin 1 52. 

Synthesis of 154 as Illustrated In Figure 21. Metathesis of resin 152. A suspension of 
resin 1 52 (500 mg) in CHjCIa (40 mL) was treated with bis(trk^ohexylphosphine)benzyii- 
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dine ruthenium dichloride (RuCI2(=CHPh)(PCy3)2) (20 mg) and stirred at 23 °C for 48 h. 
The polymer was filtered and the filtrate was evaporated and purified by preparative thin 
layer chromatography (silicagel, 20 % ethyl acetate in hexanes) to give compounds 154, 
1 55, 1 56, 1 57 = ca: 3:3:1 :3. 52 % yield from the calculated loading of heterocycle in resin 
152. 

Synthesis of 157 and 158 as lllustrstsd in Figure 21. trans-Dihydroxy Lactone 157 and 
1 58. Desilylation of Compound 141 and 155. Silyl ether 141 or 155 (44 mg, 0.074 mmol) 
was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic acid (TFA)-CH2Cl2 
(7.4 mL, 0.01 M) to yield, after flash column chromatography (silica gel, 50% EtOAc in 
hexanes), trans-dihydroxy ester 1 57 or 1 58 (33 mg, 93%) 

Synthesis of Eposterones 159 and 1 as Illustrated In Figure 21. Epoxidation of ds-Hy- 
droxy Lactone 1 57 and 1 58. To a solution of cis-hydroxy lactone 1 57 and 1 58 (1 9 mg, 
0.039 mmol) in acetonitrile (390 mL, 0.1 M) is added a 0.0004 M aqueous solution of dlso- 
dium salt of ethylenediaminetetraacetic acid (NaaEOTA, 200 mL, 0.2 M) and the reaction 
mixture is cooled to 0 oC. Excess of 1 ,1 ,1 •trifluoroacetone (80 mL 0.5 M) is added, follo- 
wed by a portionwise addition of OxoneQ (120 mg, 0.20 mmol, 5.0 equiv) and NaHCQ, (26 
mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of starting material is detec- 
ted by TLC. The reaction mixture is then directly passed through silica gel and eluted with 
50% EtOAc in hexanes. Purification by preparative thin layer chromatography (250 mm 
silica gel plate, 70% EtOAc in hexanes) provides the diastsreomeric eposterones 159 or 1 
(epothilone A). 

Synthesis of alcohol 163. Altytboration of Aldehyde 162 as llluststrsted In Figure 25. 

Aldehyde 162 (1 .0 equiv) was dissolved in anhydrous ether (0.3 M) and the solution was 
cooled to -100 *C. (+)-DHsopinocampheylaJlyl borane (1 .2 equiv in pentane, prepared from 
(-)-lpc2BOMe and 1 .0 equiv of aRyi magnesium bromide) was added dropwise under vigo- 
rous stirring, and the reaction mixture was allowed to stir for 1 h at the same temperature. 
Methanol was added at -100 ©C, and the reaction mixture was allowed to warm up to room 
temperature. Amino tthanol (10.0 equiv) was added and stirring was continued for 15 h. 
The work-up procedure was completed by the addition of saturated aqueous NH4CI solu- 
tion, extraction with EtOAc and drying of the combined organic layers with MgSO* Filtra- 
tion, followed by evaporation of the solvents under reduced pressure and flash column 
chromatography (silica gel. 35% ether in hexanes for several fractions until all the boron 
Comdexes were removed; then 70% ether in hexanes) provided alcohol 163 (91%). 
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Synthesie of hydroxy Esters 164 and 165. EDC Coupling of Cerboxytlc Acids 45 and 
46 and Alcohol 163 as illuatratad In Figure 25. Synthesized according to the procedure as 
described above as shown in Figure 7 using 163 instead of 6; see conditions in the descrip- 
tion of Figures. 

Synthesis of 161, 170, 171 and 172. Synthesized according to the procedure as described 
above as shown in Figure 6 using 164 instead of 35 or 36; see conditions in the description 
of Figures- 

Synthesis of Epoxaiones 177, 178, 179 and 180 as iiiusirated in Figure 27. 
Synthesized according to the procedure as described above as shown in Figure 6 using 
165 instead of 35 or 36; see conditions in the description of Figures. 

Synthesis of c/*»Bls(TBS) Ethtr 183 as Illustrated In Flgurs 29 A solution of alcohol 181 
(148 mg, 0.32 mmol) and 2,6-lutidine (560 ml, 4.8 mmol. 15 equiv) in CH2O2 (3.2 mL, 0.1 
M). at 0 °C. is treated with fe/f butytdimethylsityl trifluoromethanesulfonata (TBSOTf , 735 " 
mL, 3.2 mmol, 1 0 equiv) and stirred at this temperature for 30 minutes, whereupon no star- 
ting material is detected by TLC. The reaction mixture is quenched by pouring it into satura- 
ted aqueous NH4CI (10 mL). Extractions with ether (2 x 10 mL), drying (MgS04) and con- 
centration is followed by flash chromatographic purification (silica gel. 7% EtOAc in hexa- 
nes) to provide bis(TBS)ether 1 83 (1 82 mg, 98%). 

Synthesis of trans-BisfTBS) Ether 184 as Illustrated in Figure 29. Situation of Alcohol 
1 82. In accordance with the procedure describing the silyiation of alcohol 181 . a solution of 
alcohol 182 (77 mg. 0.17 mmol) and 2,6-lutidine (300 ml, 2.6 mmol, 15 equiv) in CHaCt* (1 .7 
mL. 0.1 M), at 0 °C, is treated with tert-butykilmethytoilyl trifluorornethanesulfonate (TBSOTf. 
390 mL, 1 .7 mmol, 1 0 equiv) to provide Wa(TBS)ether 1 83 (92 mg, 97%). 

Synthesis of ds-AJoohol 185 ss illustrated In Rgurs 29. A solution of TBS ether 183 
(182 mg, 0.31 mmol) in MeOH (3.1 mL 0.1 M) is treated with 1 0-camphorsulfonic add 
(CSA, 72 mg, 0.31 mmol, 1 .0 equiv) at room temperature for 1 2 h, until TLC indicates the 
disappearance of starting material. The mixture is then poured into into saturated aqueous 
NaHCO* (10 mL), extracted with ether (3 x 10 mL) and dried (MgSO*). Rash column chro- 
matography (silica gel, 20% EtOAc in hexanes) yields pure 185 (98 mg, 67%). 

Synthesis of trans-Alcohol 1 86 as Illustrated In Figure 29. In accordance with the pro- 
cedure describing the desiiytation of TPS ether 183, a solution of TPS ether 184 (31 mg, 
0.05 mmol) in methanol (1.6 mL, 0.1 M) was treated with 1 0-csmphorsulfbnic add (CSA, 37 
mo. 0. 1 a mmol. 1 .0 eouM to vield did 1 86 (51 mg, 69%) as a crystalline solid. 
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Synthesis of Carboxyllc seid 187 ss illustrated In Figure 29 Ethyl bromopyruvate (1 .66 
mL, 13 2 mmol. 1 equiv) and thioacetamide (1 .05 g, 13.9 mmol, 1.05 equiv) are dissolved in 
95% aqueous ethanol (14 mL, 1 M) and heated at reflux for 5 minutes. Complstion of the 
reaction is indicated by TLC. The reaction mixture is then cooled to room temperature, con- 
centrated in vacuo, suspended in CHCI3 (20 mL) and washed with saturated aqueous 
NaHCO* (2 x 20 mL) and with H 2 0 (20 mL). Drying (MgS0 4 ) and concentration is followed 
by flash chromatographic purification (silica gel, EtOAc) to yield the corresponding ethyl 
ester of acid 7 (2.26 g. 100%). This ester is dissolved in THF-H2O (1:1; 14 mL, 1 M) and 
submitted to the action of lithium hydroxide (1 .66 g, 39.6 mmol, 3.0 equiv). After stirring at 
room temperature for 45 min TLC indicates the disappearance of starting material. The mix- 
ture is poured into HaO (20 mL) and extracted with ether (2 x 20 mL). Acidification to pH - 2 
to 3 with aqueous 4 N HCI is followed by extractions with EtOAc (6 x 20 mL). Drying 
(MgSC-4) and concentration gives pure carboxytic acid 1 67 (1 .36 g, 72%). 

Synthesis of cIs-Keto Ester 188 as Illustrated In Figure 29. EDC Coupling of Alcohol 
1 85 with Thiazole Add 1 87. A suspension of thiazole acid 1 87 (54 mg, 0.38 mmol. 2.0 
equiv), 4-(dimethylamino)pyridine (4-DMAP, 2.3 mg, 0.019 mmol. 0.1 equiv) and alcohol 
1 85 (88 mg, 0.1 9 mmol, 1 .0 equiv) in CHjCI, (3.8 mL, 0.05 M) is cooled to 0 °C and then 
treated with i-ethyl-(3-dimethylaminopropyO-3Kan^iimWe hydrochloride (EDC, 109 mg, 
0.57 mmol, 3.0 equiv). The reaction mixture is stirred at 0 *C for 2 h and then at 25 *C for 
1 2 h, until TLC indicates completion of the reaction. The solution is separated between 
EtOAc (10 mL) and water (10 mL). The aqueous layer is extracted with EtOAc (2 x10 mL) 
and dried (MgSO.). Evaporation of the solvents is followed by flash column chromatograprv 
(silica gel. 30% EtOAc in hexanes) results In pure keto ester 188 (102 mg, 92%). 

Ilustrated In Figure 29. By analogy to the procedu 
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Synthesis of trana-Keto Ester 

re described above tor the synthesis of keto ester 1 88, a solution of thiazole add 1 87 
(28 mg. 0.198 mmol. 2.0 equiv), 4^imettiylaminopyridine (4-DMAP. 1 .2 mg, 0.0099 mmol. 
0.1 equiv), and alcohol 186 (46 mo, 0.099 mmol. 1 .0 equiv) in CH,CI, (2.0 mL) is treated 
with 1 -ethyM3-dimethylajrtr»pro^ hydrochloride (EDC, 57 mg, 0.297 

mmol, 3.0 equrv) to provide, after flash column chromatography (silica gel. 20% EtOAc .n 
hexanes), keto ester 189 (49 mg, 84%). 

Synthesis of cis-Hydroxy Lactone 190 as Illustrated In Figure 29. Silyl ether 188 (95 mg 
0.16 mmol) was treated with a freshly prepared solution of 20% (Wv) trifluoroacetic actd- 
CHfik (16 mL 0.01 M) at 0 °C. The reaction mixture was stirred at 0 -C for 45 min (corn- 
pletion of the reaction by TLC), and then poured into sturated aqueous NaHCOj (50 mL), 
>^ ^ c^a, mi \. dried over MoS04 and evaporated under reduced pros- 
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sure. The crude reaction mixture was purified by flash column chromatography (silica gel, 
50% EtOAc in hexanes) to obtain cis-hydroxy lactone 190 (74 mg, 96%). 

Synthesis of trans-Oihydroxy Lactone 191 as Illustrated In Rgure 29. Silyl ether 189 (44 
mg, 0.074 mmol) was treated with a freshly prepared solution of 20% (v/v) trifluoroacetic 
acid (TFA)-CH2Cl2 (7.4 mL 0.01 M), according to the procedure described for cis-dihydroxy 
lactone 8, to yield, after flash column chromatography (silica gel, 50% EtOAc in hexanes), 
trans-dihydroxy ester 191 (33 mg, 93%). 

Synthesis of Eposterones 192 and 194 as illustrated in Figure 29. To a solution of cis- 
hydroxy lactone 190 (19 mg, 0.039 mmol) in acetonitrile (390 mL 0.4 M) is added a 0.0004 
M aqueous solution of disodium salt of ethyienediaminetetraacetic acid (NaaEDTA, 200 mL, 
0.2 M) and the reaction mixture is cooled to 0 oC. Excess of 1 ,1 ,1 -trtfluoroacetone (80 mL 
0.5 M) is added, followed by a portionwise addition of Oxonefc (120 mg, 0.20 mmol, 5.0 
equiv) and NaHCO» (26 mg, 0.31 mmol, 8.0 equiv) with stirring, until the disappearance of 
starting material is detected by TLC. The reaction mixture is then directly passed through 
silica gel and eiuted with 50% EtOAc in hexanes. Purification by preparative thin layer chro- 
matography (250 mm silica gei plate, 70% EtOAc in hexanes) provides the dlastereomerlc 
eposterones 192 (9.5 mg, 48%) and 194 (3.4 mg, 17%). 

Synthesis of Eposterones 193 and 196 as Illustrated in Rgure 29. As described for the 
epoxidation of cis-hydroxy lactone 190, trans-hydroxy lactone 191 (22 mg, 0.046 mmol) in 
MeCN (460 mL 0.1 M) was treated with a 0.0004 M aqueous solution of disodium salt of 
ethyienediaminetetraacetic acid (NaaEDTA, 230 mL 0.2 M). 1 ,1.1 -trtfluoroacetone (92 mL 
0.5 M), Oxone® (141 mg, 0.23 mmol, 5.0 equiv) and NaHC03 (31 mg, 0.37 mmol, 8.0 
equiv), to yield, after purification by preparative thin layer chromatography (250 mm silica 
gel plate, ether), eposterones 193 (7.3 mg, 32%) and 195 (5.2 mg, 23%). 

Synthesis of Eposterones 199, 200, 201, 202, 203, 204, 209, 209, 207, 208, 209 snd 21C 
as illustrated In Rgure 30. By simple modification of the esterification step, i.e. replacing 
the thiazole carboxylte acid 187 in Rgure 29 with the known carboxyllc adds found in epox- 
alone (198), eleutherobin (197) and taxoi (196). other members of the eposterone family 
can bs created including the various isomers: 199. 200. 201, 202, 203. 204, 205, 206, 207. 
208. 209 and 210. 



Synthesis of Phosphonium Salt 220 as illustrated in Rgure 31. Synthesized a 
to the procedure as described via supra as shown in Rgure 12 using 211 instead 

e 

in the description of Rgures. 



see 



WO 98/25929 PCT/EP97/0701 1 

- 109- 



Synthesls of Intermediates tn rout* to and Lactones 230 and 229 as Illustrated in 

Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 instead of 79; see conditions in the description of Figures. 

Synthesis of intermediates en route to and Epothilone 23 and 24 aa Illustrated in 
Figure 33. Synthesized according to the procedure as described via supra as shown in 
Figure 1 4 using 220 as the initial phosponats instead of 79; see conditions in the descrip- 
tion of Figures. 

Synthesis of Nitrile 244 and Intermediates en route to es illustrated in Figure 34. Syn- 
thesized according to the procedure as described via supra as shown in Figure 1 7 using 
217 instead of 82; see conditions in the description of Figures. 

Synthesis of Carboxylie Acid 249 and Intermediates en route to as Illustrated In Flgun 
35. Synthesized according to the procedure as described via supra as shown in Figure 19 
using 224 instead of 75; see conditions in the description of Figures. 

Synthesis of Hydroxy Add 250 ss illustrated in Figure 35. Synthesized according to the 
procedure as described via supra as shown in Figure 1 8 using 249 instead of 119; see con 

ditions in the description of Figures. 

Synthesis of Lactone 229 ss illustrated In Figure 38. Synthesized according to the pro- 
cedure as described via supra as shown in Rgurs 18 using 250 instead of 73; see condi- 
tions in the description of Figures. 



Synthesis of Compound 252 ss illustrated in Figure 37. uompouno «i , imyi 
(2.0 eq.) and DMAP (1 .1 eq.) were dissolved in DMF (0.1 M) and the reaction mixture hss- . 
ted at 60 *C for 12 h. The solvent was removed under reduced pressure and flash column 
chromatography (silica gel, ether in hexanes) furnished pure 252. 

Synthesis of Primary Alcohol 253 as Illustrated In Rgurs 37. Selective Hydroboration of 
Olefinic Compound 252. Compound 252 was cooled to 0 "C. 9-BBN (7.0 mL 0.5 M solution 
in THF, 3.5 mmol, 1 .2 equiv) was added, and the reaction mixture was stirred for 2 h at 
0 'C. Aqueous NaOH (7.0 mL, 3 N solution, 21 .0 mmol. 7.2 equiv) was added with stirring, 
followed by H,0 2 (2.4 mL, 30%. aqueous solution). Stirring was continued for 0.5 h at 0 «C. 
after which time the reaction mixture was diluted with ether (30 mL). The organic solution 
was separated and the aqueous phase was extracted with ether (2 x 15 mL). The combw 

luMk twiiu to v a ni \ e\rimt\ fNAtSO*) and concentrated in 



« 
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vacuo. Rash column chromatography (silica gel, 50 to 80% ether in hexanes) furnished 
primary alcohol 254 (1 .0 g, 91%). 

Synthesis of Iodide 254 ss Illustrated In Figure 37. Iodide 254 (1 .1 8 g, 92%) was prepa- 
red from alcohol 253 (1 .0 g, 2.53 mmol) according to the procedure described above for 
219. 

Synthesis of Hydrazono 255 as illustrated In Figure 37. Alkylation of SAMP Hydrazone 
with Iodide 254. SAMP hydrazone (337 mg, 0.2 mmol, 2.0 equrv) in THF (2.5 mL) was ad- 
ded to a freshly prepared solution of LDA at 0 °C [diisopropyismine (277 mL, 0.20 mmol, 
2.0-equiv) was added to n-BuU (1 .39 mL 1 .42 M solution in hexanes, 0.20 mmol. 2.0 
equiv) in 2.5 mL of THF at 0 °C] at 0°C. After stirring at that temperature for 8 h. the resul- 
ting yellow solution was cooled to -100 'C, and a solution of iodide 254 (0.5 g, 0.99 mmol. 
1 .0 equiv) in THF (3 mL) was added dropwise over a period of 5 min. The mixture was al- 
lowed to warm to -20 °C over 10 h, and then poured into saturated aqueous NH 4 CI solution 
(5 mL) and extracted with ether (3 x 25 mL). The combined organic extracts were dried 
(MgSO«), filtered and evaporated. Purification by flash column chromatography on silica gel 
(20 to 40% ether in hexanes) provided hydrazone 255 (380 mg, 70%, de > 98% by 1H 
NMR) as a yellow oil. 

Synthesis of Nttrile 256 as illustrated In Figure 37. Monoperoxyphthalic acid magnesium 
salt (MMPP«6H20, 233 mg, 0.38 mmol, 2.5 equrv) was suspended in a rapidly stirred mix- 
ture of MeOH and pH 7 phosphate buffer (1 :1 , 3.0 mL) at 0 *C. Hydrazone 255 (83 mg, 
0.1 5 mmol, 1 .0 equiv) in MeOH (1 .0 mL) was added dropwise, and the mixture was stirred 
at 0 'C until the reaction was complete by TLC (ca 1 h). The resulting suspension was pla- 
ced in a separating funnel along with ether (1 5 mL) and saturated aqueous NaHCO, solu- 
tion (5mL). The organic layer was separated and the aqueous phase was extracted with 
ether (10 mL). The combined organic solution was washed with water (5 mL) and brine (5 
mL), dried (MgSO*) and concentrated. Rash column chromatography (silica gel, 50% ether 
in hexanes) afforded nttrile 256 (S3 mg, 80%) as a colorless oil. 

Synthesis of Aldehyde 257 ss Illustrated In Rgure 37. Nitrile 258 (53 mg, 0.12 mmol) 
was dissolved in toluene (2.0 mL) and cooled to -78 'C. DIBAL (245 mL, 1 M solution in to- 
luene. 0.22 mmol. 2.0 equrv) was added dropwise at -78 °C and the reaction mixture was 
stirred at that temperature until its completion was verified by TLC (ca 1 h). Methanol (150 
mL) and aqueous HCI (150 mL, 1 N solution) were sequentially added and the resulting m« 
ture was brought up to 0 # C and stirred at that temperature for 30 min. Ether (5 mL) and 
water 12 mL) were added, and the organic layer was separated. The aqueous phase was 
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extracted with ether (2x5 mL) and the combined organic solution was washed with brine (5 
mL), dried (MgSO«), filtered and concentrated under reduced pressure. Flash column chro- 
matography (silica gel, 15% ether in hexanes) furnished pure aldehyde 257 (44 mg, 82%). 

Synthesis of Hydroxy Acid 263 and intermediates en route to, as illustrated In Figure 

38. Synthesized according to the procedure as described above as shown in Figures 1 6 
and 18 using 257 instead of 75; see conditions in the description of Figures. 

Synthesis of Epoxyde 266 and Intermediates en route to, as Illustrated In Figure 39. 

Synthesized according to the procedure as described above as shewn in Figures 18 and 1 S 
using 257 as the starting substrated instead of 75; see conditions in the description of Fi- 
gures. 

* 

Synthesis of Spirocyelopropane Ketoester 276 ss illustrated In Figure 41. Cydopro pa- 
nation of Ethyl Propionylacetate 275. Ethyl propionylacetate 275 (75.0 mL, 0.526 mol; 
Aldrich) was added to a solution of dry KjCO, (218.0 g. 1 .579 mol, 3.0 equiv) in DMF (526 
mL, 1 M) at ambient temperature. This mixture was treated with 1 ,2-dibromoethane (60.0 
mL, 0.684 mol, 1 .3 equiv) over a period of 1 5 min and then rapidly stirred for 1 5 h, after 
which time completion of the reaction was indicated by NMR. Following filtration through 
celite and washing with ether, the solvents were removed in vacuo. Vacuum distillation (bp 
64 °C / 6 mm Hg) of the crude product resulted in pure spirocyelopropane ketoester 276 
(53.9 g, 60%) as a colorless oil. 

Synthesis of Spirocyelopropane Ketoaldehyde 274 as Illustrated In Figure 41. UAIH4 
Reduction / Swem Oxidation of Spirocyelopropane Ketoester 276. To a solution of spiro- 
cyelopropane ketoester 276 (53.9 g, 0.316 mol) in ether (1.5 U 0.2 M) was added a solution 
of lithium aluminum hydride (LAH; 1 M solution in THF. 632 mL, 0.632 mol, 2.0 equiv) at 
-20 'C over a period of 2 h and the reaction mixture stirred at -20 *C for 2 h. The reaction 
«as then diluted with ether (250 mL) and quenched by the sequential drepwise ad- 
dition of water (24 mL), 15% aqueous sodium hydroxide solution (24 mL) and additional wa- 
ter (72 mL). The resulting slurry was allowed to warm to 25 «C over 1 0 h and the aluminum 
salts were removed by filtration through celite. The filtrate was dried (MgSO.). and the sol- 
vent removed in vacuo to yield the crude diol (38.5 g, 93%). which was used in the oxidation 
step without further purification. An analytical sample was prepared by flash column chro- 
matography (silica gel, 33 to 50% EtOAc in hexanes). To a solution of oxalyl chloride (35.5 
mL 0.407 mol, 3.0 equiv) in CHaCI, (360 mL) was added dropwise OMSO (38.5 mL, 0.543 
mol.4.0equiv)inCH2CI2 (100mL)at.78*Coverl h. After stirring for 35 min, a solution of 
crude diol M7.7 o. 0.136 mol) in CH.CJ, (200 mL) was added dropwise at -78 'C over a pe- 
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riod of 1 .5 h. The solution was stirred for a further 1 h at -78 °C, before EUN (1 51 mL, 
1 .085 mol, 8.0 equiv) was added over 40 min. After a further 15 min at -78 °C the resulting 
slurry was allowed to warm to 0 °C over 1 h. Ether (700 mL) and saturated aqueous NH 4 CI 
solution (500 mL) were then added and the organic phase separated. The aqueous phase 
was re-extracted with ether (500 mL) and the combined organic solution washed with satu- 
rated aqueous NH«CI solution (1 .0 L). dried (Na*S0 4 ). filtered and concentrated under re- 
duced pressure. Purification by flash column chromatography (silica gel, 25% ether in 
hexanes) afforded spirocyctopropane ketoaldehyde 274 (1 0.9 g, 64%). 

Synthesis of Sllylether 273 as Illustrated In Figure 41. Allylboration of Spirocyctopropane 
Ketoaldehyde 33 and Silylation. Allyllmagnesium bromide (1 M solution in ether, 80 mL, 
30.0 mmol, 1 .0 equiv) was added dropwise to a well stirred solution of (-)-B-methoxydiiso- 
pinocampheyl borane (27.2 g, 88.0 mmol, 1 .1 equiv) in ether (500 mL) at 0 *C. After the 
completion of the addition, the gray sluny was stirred at room temperature for 1 h and the 
solvent was removed under reduced pressure. Psntane (400 mL) was added to the resi- 
dual solids and the mixture stirred for 10 minutes. The stirring was discontinued to allow 
precipitation of the magnesium salts and the clear supernatant perttane solution was trans- 
ferred via cannula carefully avoiding the transfer of any solid materials. This process was 
repeated four times. The combined perttane fractions were concentrated to a volume of ca. 
500 mL and then added dropwise, without further purification, to a solution of ketoaldehyde 
274 (10.1 g, 79.7 mmol. 1.0 equiv) in ether (250 mL) at -100 'C. After the addition was 
complete, the mixture was stirred at the same temperature for 30 min. Methanol (10 mL) 
was added at -100 °C, and the reaction mixture was allowed to warm to -40 *C over 40 min. 
Saturated aqueous NaHCO> solution (125 mL), followed by HaO* (50 wL % solution in Hfi, 
50 mL) were added and the reaction mixture was allowed to stir at room temperature for 
1 2h. The organic phase was separated and the aqueous phase extracted with EtOAc (3 x 
250 mL). The combined organic extracts were wsshed with saturated aqueous NH4CI solu- 
tion (500 mL), dried (N*S0 4 ) arid the solvents removed in vacuo to yield the crude allylic 
alcohol which was used without further purification. An analytical sample was prepared by 
flash column chromatography (siltoa get, 3% acetone in CHaCW . 

This crude alcohol was dissolved in CHjCl, (750 mL, 0.3 M) and the solution was cooled to 
-78 °C. The solution was treated with 2.8-lutidine (40 mL, 0.368 mol, 4.6 equiv). and after 
stirring for 5 min, tert-butyWimethylsilyi triflate' (70 mL, 0.305 mmol. 3.8 equiv) was added 
dropwise. The reaction mixture was allowed to stir at -78 «C for 35 min, after which time no 
starting material was detected by TLC. Saturated aqueous NH 4 CI solution (500 mL) was 
added, and the reaction mixture was allowed to warm to room temperature. The organic 
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phase was separated, and the aqueous layer was extracted with ether (3 x 300 mL). The 
combined organic extracts were dried (MgSO«), filtered through celite and the solvents were 
removed in vacuo to yield the crude sityl ether 32 which was used without further purifica- 
tion. An analytical sample was prepared by flash column chromatography (silica gel, 2 to 
17% ether in hexanes). 

Synthesis of Splrocyclopropane Ketoacid 31 as illustrated In Figure 41. Oxidation of 
Olefin 273. The crude alkene 273 was dissolved in MeCN (143 mL), CCU (143 mL) and 
H2O (214 mL) and the mixture cooled to 0 *C. Sodium periodate (70 g, 327 mmol, 4.1 
equiv) and ruthenium (I II) chloride hydrate (898 mg, 3.98 mmol. 0.05 equiv) were added and 
the mixture was stirred at 0 'C for 1 0 min. The dark mixture was allowed to warm to am- 
bient temperature and stirred for 3 h, after which time the disappearance of starting material 
was Indicated by TLC. CHjClj (1 .5 L) and saturated aqueous NaCI solution (1 .5 L) were ad- 
ded and the layers were separated. Extractions of the aqueous phase with CHjOa (3 x 750 
mL), filtration through celite. concentration and flash column chromatography (2 to 80% Et- 
OAc in hexanes) yielded pure splrocyclopropane ketoacid 31 (10.2 g, 43% for three steps). 

Synthesis of Esters 268 and 269 and Intermediates en route to, as Illustrated In Figure 

42. Synthesized according to the procedure as described above as shown in Figures 7 
using 272 instead of 8; see conditions in the description of Figures. 

Synthesis of 4,4-Ethsno-epothllone A Analogs 267, 282, 283, 284, and Intermedlatss 
sn route to, as illustrated In Figure 43. Synthesized according to the procedure as de- 
scribed via supra as shown in Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see conditions in the description of Figures. 

Synthesis of 4,4-Ethano-epothllone A Analogs 289, 290, 291, 292, and Intermediates 
sn route to, as Illustrated In Figure 44. Synthesized according to the procedure as de- 
scribed via supra as shown In Figures 8 using 272 instead of 8 as the substrate pertur- 
bation; see conditions in the description of Figures. 

Synthesis of Keto Aldehyde 299 ss Illustrated In Figure 46. Ozonolysis of Ketone 273. 
Alkene 273 (3.6 g, 1 2.7 mmol; synthesized exactly to procedures) was dissolved in CHaO, 
(50.0 mL. 0.25 M) and the solution was cooled to -78 '0. Oxygen was bubbled through for 
2 min. after which time ozone was passed through until the reaction mixture adopted a Wus 
color (ca 30 min). The solution was then purged with oxygen for 2 min at -78 'C (disappea- 
ranee of blue color) and Pn,P (6.75 g. 25.4 mmol. 1.2 equiv) was added. The <x»hng bath 
r.^tinn mixture was allowed to reach room temperature and stirred 
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for an 1 additional hour. The solvent was removed under reduced pressure and the mixture 
was purified by flash column chromatography (silica gel, 30% ether in hexanes) to provide 
pure keto aldehyde 295 (3.26 g, 90%). 295. 

Synthesis of Ketone 294 as Illustrated in Figure 48. To a solution of aldehyde 295 (2.9 
g, 10.2 mol) in THF (50 mL 0.2 M) at -78 oC was added dropwise lithium tri-tert-butoxyalu- 
minohydride (1 1 .2 mL, 1 .0 M solution in THF, 1 1 .2 mmol. 1 .1 equiv). After 5 min, the reac- 
tion mixture was brought up to 0 °C and stirred at that temperature for 15 min, before quen- 
ching with saturated aqueous solution of sodlum-potaslum tartrate (25 mL). The aqueous 
phase was extracted with ether (3 x 75 mL) and the combined organic layer was dried 
(MgSO«), filtered and concentrated. The crude primary alcohol so obtained was dissolved 
in CHjCIa (50 mL 0.2 M) and cooled to 0 °C. EtsN (68.1 mL 30.6 mmol. 3.0 equiv). *DMAP 
(1 20 mg, 0.1 8 mmol, 0.02 equiv) and tert-butyidimethytsilyl chloride (3.0 g, 20.4 mmol, 2.0 
equiv) were added. The reaction mixture was allowed to stir at 0 'C for 2 h, then at 25 # C 
for 10 h. MeOH (5 mL) was added and the solvents were removed under reduced pressure. 
Ether (100 mL) was added followed by saturated aqueous NKUCl solution (25 mL) and the 
organic phase was separated. The aqueous phase was extracted with ether (2 x 50 mL) 
and the combined organic solution was dried (MgSO*). filtered and concentrated under 
reduced pressure. Purification by flash column chromatography (silica gel. 5% ether in 
hexanes) provided pure bis(silylether) 294 (1 .26 g, 83% yield from 45).. 

Synthesis of tris(Sllylethers) 297 and 298 as Illustrated In Figure 47. Aldol Reaction of 
Ketone 294 with Aldehyde 75. The aidoi reaction of ketone 294 (682 mg, 1 .7 mmol. 1 .4 
equiv) with aldehyde 75 (530 mg, 1 .2 mmol, 1 .0 equiv; vida supra) was carried out exactly 
as described for ketone and aldehyde for epothitone synthesis vida supra, and yielded pure 
297 (270 mg. 24%) and 298 (480 mg. 47%). 297: Colorless ott. 

Synthesis of Epothilones 287, 311-313 and Intermediates en route to, as Illustrated In 
Figure 47. Synthesized according to the procedure ss described above as shown in Figuni 
1 9 using 294 instead of 138; see conditions in description of Figures for Figure 47. 

Synthesis of aldehyde* 320, 321 and 329 ae illustrated Irt Figure 49. The synthesis of 
aldehydes 320, 321 and 329 are simple akJhehydes synthesized exactly as in conditions 
found for standard epothitone aldehydes 7 (figure 3), and aldehyde 221 (vida supra); all re- 
actions are carried out using the transformations shown and standard conditions known we 
. . . ^ «i .rth»r Aiahoration will be disclosed here. 
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Synthesis of compounds 339-346 and Intermediates en route to, ss Illustrated In 
Figure 50. Synthesized according to the procedure as described via supra as shown in 
Figure 21 using 330, 331, and 332 instead of 140, 144, and 143; see conditio rts as 
disclosed in description of Figures for Figure 50. 

Synthesis of alcohol 350 ss Illustrated In Figure 52. Allyimagnesium bromide (1.3 equiv) 
was added dropwise over 45 min to a solution of (IpcfeBOMe (1.3 equiv) in ether (0.2 M) at 

0 °C, and the resulting pale gray slurry allowed to warm to 25 °C over 1 h. The ether was 
removed under reduced pressure and pentane added to the residual solid. The slurry was 
stirred at 25 °C for 1 0 min and then the solids were allowed to settle over 30 min. The clear 
supernatant solution was then carefully transferred to a separate flask via cannula. This 
process was repeated four times, and the resulting solution was then added dropwise over 

1 h to a solution of aldehyde 2 (1 .0 equiv) in ether at -100 °C. After 1 h at -100 'C. me- 
thanol was added and the mixture allowed to warm over 40 min. Saturated aqueous 
NaHC03 and 50% aqueous H2O2 were then added and the mixture left to warm to 25 *C 
overnight The layers were separated, the aqueous phase re-extracted with EtOAc and the 
combined organic phases washed with saturated aqueous NH4CI. Drying (NS2S04) and 
concentration under reduced pressure gave a residue, which was purified by flash column 
chromatography (silica gel. 20% ether in hexanes) to give the desired alcohol 350 (91%). 

Synthesis of Lactone 352 and 353 end Intermediates sn route to- ss Illustrated In 
Figure 52. Synthesized according to the coupling and metathesis procedure as described 
above as shown in Figure 5 using 390 and 340. 

Synthesis of c/s-CXoJ 354 snd 355 ss Illustrated In Figure 52. To a solution of ris-silyl 
ether 352 (1 .0 equiv) in THF (8.2 mL) at 25 «C was added HFpyr (1 0 equiv) and the resul- 
ting solution stirred at the same temperature for27h. The mixture was then added care- 
fully te saturated aqueous sodium bicarbonate and EtOAc. and the resulting two-phase 
mixture stirred at 25 'C for 2 h. The layers were then separated and the organic layer 
washed with saturated aqueous sodium bicarbonate and brine. Drying over magnesium 
sulfate and purification by flash chromatography (silica gel. 20 50% EtOAc in hexanes) 
afforded the desired diol 354 in 84% yield. 

Synthesis of 396 and 357: see above 

Synthesis of 2-iHydrexy-methylM-^ 363 ss Illustrated In 

Figure 53. To a solution of 2.5-dibromothiazole (358; 1 .0 equiv) in anhydrous ether (0.1 M 
u«. a ^ n.Ruu M 1 mum at -78 *C. and the resulting solution was stirred at the same 



WO 98/25929 PCT/EP97/07011 

-116- 



temperature for 30 min, before DMF (1 .2 equiv) and hexamethylphosphoramide (HMPA, 1 .1 
equiv) were added at the same time. After being stirred at -78 °C for 30 min, the reaction 
mixture was slowly warmed up to room temperature over a period of 2 h. Hexane (2.0 mL) 
was added and the resulting mixture passed through a short silica cake with 30% ethyl ace- 
tate in hexahes.. The solvents were evaporated to give the crude aldehyde 359 (72 % 
yield), which was used in the next step without further purification. 

To the solution of the crude aldehyde 359 in methanol (0.1 M) was added sodium borohy- 
dride (2.0 equiv) at 25 °C, and the resulting mixture was stirred at the same temperature for 
30 min. EtOAc and hexanes were added, and the mixture paased through a short silica ca- 
ke with ethyl acetate. The solvents were then evaporated and the crude product was puri- 
fied by flash chromatography (20 50% ethyl acetate in hexanes) to give 2-nydroxymethyi- 
4-bromothiazole 360 in 88% yield. 

To a solution alcohol 360 (1 .0 equiv) in methylene chloride (0.1 M) at 25 *C was added imi- 
dazole (2.0 equiv), followed by tert-butyldimethylchlorosilane (1 .5 equiv). After 30 min, the 
reaction was quenched with methanol, and the mixture was passed through silica with me- 
thylene chloride. Evaporation of solvents gave the silyl ether 361 in 96% yield. 

To a solution of 361 (1 .0 equiv) in ether (0.1 M) was added n-BuU (1 .2 equiv) at -78 'C, and 
the resulting mixture was stirred at this temperature for 10 min. Tri-n-butyltin chloride (1 .2 
equiv) was then added, and the reaction mixture was stirred at -78 *C for a further 1 0 min 
and then warmed up to 25 »C over a period of 1 h. The reaction mixture was diluted with 
hexanes and passed through silica with 20% EtOAc in hexanes. The crude product was pu- 
rified by flash chromatography (silica gel pre-treated with triethylamine. 5% Et20 in he- 
xanes) to afford stannane 362 in 85% yield. 

To a solution of silyl ether 362 (1 .0 equiv) in THF (0.1 M) was added TBAF (1.0 Min THF, 
1 2 equiv) at 25 - C and the reaction mixture was stirred for 20 min at this temperature. 
Hexanes were added, and the mixture was passed through silica with EtOAc. Evaporation 
of solvents gave alcohol 363 In 95% yield. 

Synthesis of compounds 364367 aa Illustrated In Figure 53. Compounds 384-367 were 
exactly prepared according to Dondoni et al. Synthesis, 1966, 757-760. 

Synthesis of 2-( -Acetoxy-pentyf)^<trimeth^ 371 
Figure 53. To a solution of 2,4-dibromothiazole (366; 1 .0 equiv) in £PT2NH (0.5 M) was 
added * P entyn-1-ol (2.0 equiv), tetrakis(triphenylphosphine)pailadlum(0) (0.05 equiv) and 
Cul (0 1 Ma " wX TK * MAHiAn mixture was than naaiM 
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25 °C the solvents were removed under reduced pressure. Purification by flash column 
chromatography (silica gel, 10% >E 75% EtOAc in hexanes) provided the desired alcohol 
368 in 83% yield. 



A solution of alcohol 388 (1 .0 equiv) and PtC* (0.1 equiv) in EtOH (0.1 M) was stirred at 25 
•C under an atmosphere of hydrogen for 4 h. until the disappearance of starting material 
was indicated by 1JH NMR. Subsequent filtration through a short plug of silica, washing with 
EtOAc, and removal of the solvents under reduced pressure afforded the desired alcohol 
388 (100%). 

A solution of alcohol 388 in pyridine-acetic anhydride (1:1 ; 0.1 M) was stirred at 25 °C for 2 
h, after which TLC indicated completion of the reaction. The reagents were then removed 
under reduced pressure. Purification by flash column chromatography (silica gel. 10% /E 
40% ether in hexanes) gave the desired acetate 370 in 80% yield. 

■ 

A solution of acetate 370 (1 .0 equiv) in degassed toluene (0.1 M), was treated with hexa- 
methylditin (10 equiv) and tetrai<ls(triphefiylphospWne)paJladium(0) (0.1 equiv). The mixture 
was then heated to 1 00 *C for 3 h, after which TLC indictated disappearance of the aryl bro 
The reaction mixture was cooled to 25 *C and purified by flash column chromatogra- 
phy (silica gel. 50% ether in hexanes containing NB3) to afford the desired stannane 371 ir 
93% yield. 

Synthesis of 2-PlperidlnyV^methylstaiw^ 373 as Illustrated in Figure S3. 
2 4-Dibromothiazole (358; 1 .0 equiv) was dissolved in piperidine (0.5 M) and the reaction 
was warmed to 50 'C tor 8 h. upon which completion of the reaction was indicated by TLC. 
The mixture was poured into water and extracted with ether (2 x). Drying (MgS0 4 ) and eva 
poration of the solvents gave 2-piperfoinyl-4-b ro rnothiazole 372. which was isolated after 
flash column chromatography (silica gel, 5% EtOAc in hexanes) in 100% yield. 

2-Rperidiriyl^Droiito1nla20le (372, 1 .0 equiv) was taken up in degassed toluene (0.1 M), 
and hexamethytditin (10 equiv) and tatraWs(triphenylphosphine)paJladlum(0) (0.1 equ*) 
were added. The mixture was then heated to 80 -C tor 3 h, after which TLC indicated dis- 
appearance of the aryl bromide. The reaction mixture was poured into saturated aqueous 
NaHCOs solution and extracted with ether, washed with water and with saturated aqueow 
NaO solution (1 20 mL). The organic extract was dried (Na 2 S0 4 ) and the solvents and thi 
excess hexamethyidrbn were removed under reduced pressure. Flash column chromato- 
graphy (silica gel. 5% NEts In hexanes) provided 2-piperidiny|.4-(trirne*y^^ 
373 in 100 % yield. 
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Synthesis of 2-ThlomethyM-(trtnwthyistanny1)thla»la 375 as illustrated In Figure 53. 

2,4-Dibromothiazole (358; 1.0 equiv) was dissolved in ethanol (0.1 M) and treated with 
sodium thiomethoxide (3.0 equiv). The reaction mixture was stirred at 25 °C for 3 h, upon 
which completion of the reaction was indicated by 1 H NMR. The mixture was poured into 
water and extracted with ether (2 x). Drying (MgSCU) and evaporation of the solvents gave 
2-thiomethyi-4-bromothiazole 374, which was isolated, after flash column chromatography 
(silica gel, 5% EtOAc in hexanes), in 92% yield. 

2-ThiomdthyU-bromothiazote (374) was taken up in degassed toluene (0.1 tA), and was 
then treated with hexamethytditin (10 equiv) and tetrakis(triphenylphosphine)paJladium(0) 
(0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis of 2-pi- 
pendinyl-4-(trimethylstannyl)thiazole (373), to yield, after flash column chromatography (si- 
lica gel. 5% NEt3 in hexanes), 2-thiopheiiyl-4-(trimetiTyJstajwy0thiazole (375; 1 00%). 

Synthesis of Compounds 378-377 and 378-379 as Illustrated In Figure 53. Compounds 
376-377 are commercially available from AJdrich. Compounds 378-379 are exactly prepa- 
red according to Dondoni et al. Synthesis, 1988, 757; Raynaud et al. Bull. Sec. Chim. Ft. 
1982, 1735. 

Synthesis of 2-ThlophenyM-(trlmethytstanny1)thlazoie 381 as Illustrated In Figure 53. 
2.4-Dibromothiazole (358; 1.0 equiv) was dissolved in ethanol (0.1 M) and treated with thio- 
phenol (3.0 equiv) and solid sodium hydroxide (3.0 equiv). The reaction mixture was hea- 
ted at 45 °C for 4 h, upon which completion of the reaction was indicated by TLC. The mix- 
ture was poured into water and extracted with ether (2 x). Drying (MgSC-4) and evaporation 
of the solvents gave 2-ftiophenyi-4-bromothiazolo 380, which was isolated after flash co- 
lumn chromatography (silica gel. 5% EtOAc in hexanes) In 84% yield. 

2-Thiopheriyl-4-broinothiazole (380; 1.0 equiv) was taken up in degassed toluene (0.1 M). 
and was then treated hexamethytditin (10 equiv) and tetraWs(tripf»nvlphosphine)palla- 
dium(0) (0.1 equiv) at 80 *C for 3 h according to the procedure described tor the synthesis 
of 2-piperidir^(tfrr>etiiytstanritf (373), to yield, after flash column chromatogra- 
phy (silica gel. 5% NEt3 in hexanes). 2-miopheriyM-(trimethylstanr»^ (381; 100%). 

Synthesis of 2-EthyM-(trimethylstannyf)thia»le 384 aa Illustrated In Figure 53. A 

solution of 2,4-dibromothiazole (358; 1 .0 equiv), tributyl(vinyt)tin (1 .1 equiv) and tetrakis- 
(tfiphenyiphosphine)paJladium(0) (0.1 equiv) in degassed toluene (0.1 M) were heated at 
1 10 -C for 20 min, after which completion of the reaction was shown by TLC. The reaction 

... ... .. kj.urrv».w»rj •niution and extracted with ethe 
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(2 x). The organic extract was dried (Na 2 S0 4 ), and the solvents were removea unoer re- 
duced pressure to yield, after purification by preparative thin layer chromatography (silica 
gel. 5% EtOAc in hexanes), 2-vinyl-4-bromothiazole 382 in 96% yield. 

Vinytthizaole 382 (1 .0 equiv) was taken up in ethanol (0.1 M) and treated with Adam's ca- 
talyst (PT02, 0.05 equiv) and hydrogen (1 atm) for 4 h at 25 in accordance with the pro- 
cedure describing the hydrogenation of compound 388. to yield, after purification by prepa- 
rative thin layer chromatography (silica gel. 5% EtOAc in hexanes). 2-ethyM-bromothiazole 
383 in 100% yield. 

2-Ethyl-4-bromothiazole (383; 1.0 equiv) was taken up in degassed toluene (0.1 M), and 
was then with treated hexamethyldltin (10 equiv) and tetrakis(triphenytphosphlne)palladi. 
um(0) (0 1 equiv) at 80 'C for 3 h according to the procedure described for the synthesis of 
2-piperidW-4-<trimethyte^ (373). to yield, after flash column chromatography 
(silica gel. 5% NEta In hexanes). 2-ethyl^(trimethy1stannyl)thiazole (384) in 100% yield. 

Syntheal. of 2-Dimethyl.mln^ " ,n 83 

2 ^Dibromothiazole (388; 1.0 equiv) was dissolved in DMF (0.1 M) and heated at 150-160 
•C for 8 h. upon which completion of the reaction was indicated by TLC. The mixture was 
. . . - — rftw to Drvina (M0SO4) and evaporation of the 



Lents gave 2 Klimethy1aminc-4.bromothia2ole 388. which was isolated after flash column 
chromatography (silica gel. 5% EtOAc in hexanes) in 89% yield. 

2-Dimethylamino^bromothiazote (385; 1 .0 euqlv) was taken up in 
M). and was then seated with hex*nethy1ditin (10 equiv) and 
palladium(0) (0.1 equiv) at 80 -C for 3 h according to the procedure descnbed for the syn- 

matography (silica gal. 5% NEt3 In hexanes). 2-dimrfhy^c^^ 
(388; 100%). 

sT AJcobo. 360 ,1 .0 •»> «- M» VP in pyr«~c«c 

•C and eftnd .. th* «^«u™ 3 h. ,n acconfnc. v*h ft. ' 
«on of *=.»,. 370. to *m Puriilorton by M. coHimn chron-ttor^y (««» 9* * 
EtOAc In (wonts). 2-«*o^«ltyM-bro<no»teol. (307) in 96% yWd. 

mon mm**** «,o •*» M '^^^^1^7^ 

•ounrt at ao °C for 3 h according to the pfootduro doocribod for ft. synthoois of 2 piponoi 
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nyl-4-(trimethylstannyl)thiazole (373), to yield, after flash column chromatography (silica gel, 
5% NEt3 in hexanes). 2-acetoxymethyl-4-(trimethylstannyl)thia20le (388; 100%). 

Synthesis of 2-RuoromsthyM-(tr1methy1stannyl)thiszols 390 as Illustrated In Rgure 

53. A solution of alcohol 360 in CH2CI2 (0.1 M) was added via syringe to a cold (—78 °C) 
solution of diethylaminosuHur trifluoride PAST, 1.1 equiv) in CH2CI2 (0.1 M). The reaction 
was allowed to warm slowly to 25 'C, and was then quenched by addition of saturated 
aqueous NaHCOa solution. The organic layer was ssparated and washed with saturated 
aqueous NaCI solution. After drying (MgSQ*) end evaporation of the solvent under reduced 
pressure, purification by flash column chromatography (silica gel, 5% EtOAc in hexanes) 
resulted in 2-flubromethyl-4-bromothiazole (388) in 88% yield. 



2-RuoromemyM-bromothiazole (388; 1.0 equiv) was taken up in degassed toluene (0.1 M), 
and was then treated with hexamethylditin (10 equiv) and tetrakis(triphenvlphosphine)palla- 

♦ 

dium(0) (0.1 equiv) at 80 °C for 3 h according to the procedure described for the synthesis 
of 2-piperidinyl-4-(trimethylstanny0thiazole (373), to yield, after flash column chromatogra- 
phy (silica gel, 5% NEt3 in hexanes), 2-fluoromethyt-4-(trirnethylstanny^^ (380) In 

1 00% yield. 

Synthesis of 1-Metny1-2-(trlmethylstsnnyf)lmldszols 381 as Illustrated In Figure 53. To 

a solution of 1-methylimidazole (1.0 equiv) in ether (0.1 M) was added r>BuU (1.2 equiv) at 
-78 °C, and the resulting mixture was stirred at this temperature for 10 min. Trimethyltin 
chloride (1 .2 equiv) was then added, and the reaction mixture was stirred at -78 *C for 10 
more min and then warmed up to 25 *C over.a period of 1 h. The reaction mixture was di- 
luted with hexanes and passed through silica with 20% EtOAc in hexanes. The crude pro- 
duct was purified by flash chromatography (silica gel pre-treated with triethylamine, 5% 
Et20 in hexanes) to afford stannane 381 in 85% yield. 

Ganeral Procedure for StJIle Coupling with Epothllone analogs as Illustrated In Figure 
52 and compounds found In Figures 84-85 - General Procedure A. A solution of vinyl 
iodide (1 .0 equiv. da- or fr«n>compound), aryl stannane (2.0 equiv) and tetraWs(triphenyl- 
phosphine)palladium(0) (0.1 equiv) in degassed toluene (0.1 M) was heated at 100 *C for 
30-40 min. The reaction mixture was poured into saturated aqueous NaHCCfc-NaCI solu- 
tion and extracted with EtOAc. The organic extract was dried (NasSCU), and the solvents 
were removed under reduced pressure to yield, after purification by preparative thin layer 
chromatography (250 urn allies gel plate, 75% ether in hexanes), the corresponding epo- 
thilone analogs (see Table for yields). 
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General Procedure B. A solution of vinyl iodide (1 .0 equiv, as- or trans-compound), aryl 
stannane (2.0 equiv) and paHadium(ll) bis(benzonitrile) dichloride (0.1 equiv) in degassed 
DMF (0.1 M) was stirred at 25 'C for 10 h. The reaction mixture was poured into saturated 
aqueous NaHC03-NaCI solution and extracted with EtOAc (2 x). The organic extract was 
dried (Na2S04), and the solvents were removed under reduced pressure to yield after purl 
fication by preparative thin layer chromatography (250 pm silica gel plate, 75% ether in 
hexanes) the corresponding epothilone analogs (see Table for 

Synthesis of epoxide 3§8B from 356A as Illustrated In Figure 58. Conditions exactly as 
that of the conversion from 1 10 to 1 1 1 as shown in Figure 14 (see above). 

* 

Synthesis of alcohol 392 as Illustrated In Figure 68. Trttyt deprotectton Method A. To a 

stirred solution of trityl ether 264(1 equiv.) in CH 2 Cl2 /MeOH (1 :1 . 0.1 M) at O'C was added 
camphor sulfonic add (1 equiv.) and the mixture allowed to warm to room temperature. Af- 
ter stirring tor 2 hours, EfcN (1 .5 equiv.) was added and solvent removed in vacuo. Flash 
chromatography afforded the product 392 as a colorless oil (70%). 

Method B. To a stirred solution of trityl ether 264 (1 equiv.) in MeOHyCH^ (10:1 , 0.1 M) 
was added PPTS (1 equiv.). The reaction was stirred for 72 hours before solvent was re- 
moved in vacuo. Rltration through a plug of silica gel gave the product 392 as a colorless 

oil (60%). 

u-hhhJC. To the trityl ether 264 (1 equiv.) at 0 «C was added a mixture of Btherformic 
(1 :1 , 0.2M). After stirring for 1 hour, the reaction was quenched with saturated aque- 
;odium bicarbonate. The layers were separated and the aqueous phase extracted wrth 
ether. The combined organic extracts were dried (MgS0 4 ), filter* concentrated in 
vacuo. Rash chromatography gave the product 392 as a colorless oil (65%). 

Synthesis of compound 393 a. iltuatrat* In Rgur. 5* 

392. To a stirred solution of ailyllc Icoho. 393 (1 equiv.) in CH2O2 * -78 -C was aoc**- 
ethylamino sulfortrtfluorid. (OAST, 1 equiv.). Tn. reactfon was men allowed 
to room temperature before being quenched wrth saturated aqueous 
solution. The layers were separated and the aqueous phase extracted wrth ^ The 
combined organic extracts were dried (MgS0 4 >. filtered and concentrated in vacuo. Rash 
chromatography gave the fluoride 393 as a colorless oil (30%). 

Synthesis of compound 394 a. Illumed In Figure 56. Co ^^^^ 
^conditions exact* a. described for the conversion of 1 21 to 71 Mds supra) ai Figure 

18. 
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Synthesis of compound 395 as Illustrated In Figure 58. Compound 395 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 15. 

Synthesis of compound 396 as illustrated In Figure 58. Chlorlnatlon of ellylic elcohol 
392. To a solution of allylic alcohol 392 in CCU (0.1 M) was added PPh3 (2.5 equiv.). The 
reaction was then heated to reflux for 1 8 hours. After cooling to room temperature, the sol- 
vent was removed in vacuo and the resulting residue filtered through a plug of silica gel to 
provide the chloride 396 as a colorless oil (90%). 

Synthesis of compound 397 as Illustrated In Figure 88. Compound 397 was prepared 
using conditions exactly as described for the conversion of 121 to 71 (see above) in Figure 

18. 

Synthesis of compound 398 as illustrated In Figure 58. Compound 398 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (see above) in Figure 16. 

Synthesis of compound 399 as Illustrated In Figure 69. O-alkytatton of allylic alcohol 

* — : -« .~4;._ huririw* n 9 afluiv 1 in thf fo.1 Ml was added a solution of 



the allylic alcohol 392 in THF. After stirring tor 30 minutes, a solution of the alkyl halide in 
THF (1 .0M; alkyl halide can be selected from the group consisting of iodmethane, fcxto- 
ethane, 2.iodopropane, 1 -iodobutane, 1 -iodopropane, benzyl iodide and altyl iodide; com- 
mercially available from AJdrich/ Sigma) was added and the resulting mixture was stirred 
until TLC indicated completion of the reaction. Saturated aqueous ammonium chloride 
solution was added and the layers were separated. The aqueous phase was extracted with 
ether and the combined organic extracts were dried (MgS0 4 ), filtered and concentrated m 
vacuo. Flash chromatography gave the ether product 399. 

Synthesis of Trloi 400 es illustrated In Figure 59. Compound 399 (1 equiv.) was treated 
with a 30 % solution of HPpyridlne in THF. Aftsr stirring tor 24 hours, ths reaction was 
quenched by pouring Into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dned 
(MgSO«). filtered and concentrated in vacuo. Rash chromatography gave 400 (78%). 

Synthesis of compound 401 as Illustrated In Figure 59. Compound 396 was prepared 
using conditions exactly as described tor the conversion of 71 to 2 (vida supra) in Rgure 16. 

Synthesis of epoxide 403 ss Illustrated In Figure 60. To a solution of 9.55g (53* mmol) 
of alcohol 402 and .25 equiv of D-<+)diisopropyl tartrate in 0.1 Molar of dichlorometnane 
was added. The solution was cooled to -30 -C and .2 equiv of freshly distilled tftanium te- 
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traisoprbpoxide was added. The clear solution was stirred at - 20 'C for 30 min, and an ali- 
quot was quenched for capillary GLC analysis. After an additional 5 min of stirring at -20°C, 
2.0 equiv of a 1 .5 M solution of ter-butyl hydroperoxide in 2,2,4-timethylpentane was added 
over 1 0 min. The resulting mixture was stirred at 20 °C for 3h after which the reaction was 
quenched by pouring into saturated sodium bicarbonate solution. The layers were separa- 
ted and the aqueous phase extracted with ether. The combined organic extracts were dried 
(MgS04), filtered and concentrated in vacuo. Rash chromatography gave 403. 

Sythesis ef esters 404. Method 1. To a stirred solution of 403 (1 equiv.) in THF (0.1 M) 
was added triethylamine (1.1 equiv.) and the required anhydride (1.1 equiv. ((RCO)20) 
selected from the group consisting of acetic anhydride, chloroacetic anhydride, propionic 
anhydride, trifluoroacetic anhydride, isobutyric anhydride; commercially available from 
Aldrich/ Sigma). After stirring for 2 hours, the reaction was quenched with saturated aque- 
ous sodium bicarbonate solution. The layers were separated and the aqueous phase ex- 
tracted with ether. The combined orgainc extracts were dried (MgSC*), filtered and con- 
centrated in vacuo. Flash chromatography gave 403. 

gynth— it of esters 404. Method 2 as Illustrated In Figure 60. To a stirred solution of 
403 (1 equiv) in CH2CI2 (0.1 M) was added triethylamine (1.1 equiv.) and the required acid 

[1 . 1 equiv. selected from the group consisting of pivaloyt chloride, cydopropanecar- 
bonyl chloride, (^lohexsjiecarbonyl chloride, acryloyl chloride, benzoyl chloride, 2-furoyl 
chloride, N-benzoyl-(2R,3S)-3-pnenytisoserine. cinnamoyl chloride, phenytacetyi chloride, 2- 
thiophenesulfonyt chloride; commercially available from Aldrich/ Sigma). After stirring for 2h, 
the reaction was quenched with saturated aqueous sodium bicarbonate solution. The layers 
were separated and the aqueous phase extracted with ether. The combined orgainc ex- 
tracts were dried (MgS04). filtered and concentrated in vacua Rash chromatography gave 

404. 

Synthesis of thioether 408 as illustrated In Rgure 60. To a stirred solution of altyite alco- 
hol 392 (1 equiv.) in THF (0.1 M) was added the required disulfide (2 equiv.) followed by 
tribytul phosphite (2 equiv.). After stirring for 4 hours the reaction was quenched with brine 
and the layers were separated. The aqueous phase was extracted with ether and the com- 
bined organic extracts were dried (MgS0 4 ). filtered and concentrated in vacuo. Rash chrc- 
matography gave the thioether 408 . 

Synthesis of compound 408 as Illustrated In Rgure 60. Compound 406 was prepared 
using conditions exactly as described tor the conversion of 121 to 71 (vida supra) in Rgure 
18. 
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Syn thesis of compound 407 at illustrated In Figure 60. Compound 407 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) i 

Synthesis of compound 408. Tosylation of allyllc alcohol 392 as Illustrated In Figure 

61. To a stirred solution of allylic alcohol 392 (1 equiv) in CH2CI2 (0.1 M) at 0 °C was added 
Et3N (4.0 equiv) followed by tosyl chloride (2.0 eqiuv). The reaction mixture was warmed to 
room temperature and stirred until complete as determined by TLC. Saturated ammonium 
chloride solution was added and the layers were separated. The aqueous phase was ex- 
tracted with ether and the combined organic extracts were dried, (MgS04), filtered and con- 
centrated in vacuo. Flash chromatography gave the tosylate 408. 

Synthesis of azlde 409 as illustrated In Figure 61. To a stirred solution of tosylate (1 
equiv.) 408 in DMF was added sodium azide. The reaction was stined for some hours. Sa- 
turated ammonium chloride solution was added and the layers were separated. The aque- 
ous phase was extracted with eteher and the combined organic extracts were dried 
(MgSCU), filtered and evaporated in vacuo. Flash chromatography then provided the azide 

409. 

Synthesis of diol 410 aa Illustrated In Figure 61. Azide (1 equiv.) 409 was treated with a 
30% solution of Hfpyridine in TUP. After stirring for 24 hours, the reaction was quenched by 
pouring into saturated sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined organic extracts were dried (MgS04). 
filtered and concentrated in vacua Flash chromatography gave 410. 

Synthesis of amine 411 as illustrated In Figure 61. To a stirred solution of azide 411 (1 
equiv.) in a mixed solvent system of THF:H20 (1 :1 . 0.1 M) was PPh3. The reaction was stir 
red for 4 hours before being poured into saturated brine. The layers were separated and 
the aqueous phase extracted with ether. The combined orgainc extracts were dried 
(MgS04), filtered and corxantrated in vacuo. Rash chromatography gave 411. 

Synthesis of amide* 412 a* Uluetrated in Figure 61. Method 1. To a stirred solution of 
amine411 (1 equiv.) In THF (0.1 M) waa added triethylamine (1 .2 equiv.) and the required 
anhydride (1 .1 equiv. ((RCO) 2 0) selected from the group consisting of acetic anhydride, 
chloroacetic —h-wrf- orooionie anhvdrid*. trifluoroacetic anhydride, isobutyric 




vailable from Aldrich/ Sigma). After stimng lor 4 hours, me r^-*. ™- 
saturated aqueous sodium bicarbonate solution. The layers were separated 
JS pnaw extracted with ether. The combined orgainc extracts were dried 
ed and concentrated in vacuo. Flash chromatography gave 412. 
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Amides 412. Mtthod 2. To a stirred solution of amino 411 (1 equiv) in CH2«2 (0.1 M) was 
added triethylamine (1 .2 equiv.) and the required acid chloride (1.1 equiv. selected from the 
group consisting of pivaloyl chloride, cyclopropanecarbonyl chloride, cydohexanecarbonyl 
chloride, acryloyl chloride, benzoyl chloride, 2-furoyf chloride, N-benzoyl-(2R,3S)-3-phenyl- 
isoserine, cinnamoyl chloride, phenylacetyl chloride, 2-thiophenesulfonyl chloride; commer- 
cially available from Aldrich/ Sigma). After stirring for 4 hours, the reaction was quenched 
with saturated aqueous sodium bicarbonate solution. The layers were separated and the 
aqueous phase extracted with ether. The combined orgainc extracts were dried (MgS04). 
filtered and concentrated in vacuo. Rash chromatography gave 412. 

Synthesis of compound 413 as Illustrated In Figure 61. Compound 413 was prepared 
using conditions exactly as described for the conversion of 71 to 2 (vida supra) in Figure 16. 

Synthesis of Aldehyde 414. Oxidation of Alcohol 403 as Illustrated In Figure 62. To a 

solution of alcohol 403 (1 .0 equiv.) in CH2CI2 (0.1 M) was added at -78 'C TEMPO (2.2.6.6- 
tetramethyi-1-piperidlnyloxy, free radical.) (0.006 M solution in CH2CI2. 1.5 equiv). KBr (0.2 
M aqueous solution. 0.1 equiv). and NaOCI (0.035 M solution in 5% aqueous NaHC03. 1 .0 
equiv). After stirring for 0.5 h. the organic layer was dried (MgS©4). filtered and concentra- 
ted under reduced pressure. Purification by preparative chromatography provided aldehyde 
414(75%). 

Synthesis of csrboxyttc Add 418. Oxidation of Aldehyde 414 as Illustrated In Figure 
62. Aldehyde 414 (1 equiv.). «BuOH (0.1M). isobutylene (3.0 equiv.). H 2 0 (0.02M), NaCKfc 
(3.0 equiv.) and NaH 2 P0 4 (3 equiv.) were combined and stirred at room temperature for 
1 h. The reaction mixture was concentrated under reduced pressure and the residue was 
subjected to flash column chromatography to afford carboxylte add 418. 

Synthesis of ester 416. Coupling of add 418 with different alcohoia and amines as 
Illustrated In Figure 62. A solution of add 416 (1 .0 equiv), 4-(dimethy!amir»)pyridine (4- 
OMAP 0.1 equiv) and alcohd or amine selected from the group consisting of methanol, t- 
butanol. i-propand. phenol, benzyl alcohol, furfurylamine N-benzoyM2R3S)-3-p*enyl«so- 
serine, dimethyl amine, diethyl amine, benzyl amine (1.0 equiv) In CH2CI2 (0.3 M) was 
COO ied to 0 oc and then treated with i-ethyM^imethylaininop^ "V 




(EDC. 1 .2 equiv). The reaction mixture was swrea no v*wr«n 
h. The sdution was concentrated to dryness in vacuo, and the residue was 
EtOAc (10 mL) and water (10 mL). The organic layer was separated, washed 
ed NH4CI solution (10 mL) and water (10 mL) and dried (MgS0 4 ). Evaporate. 
nt» followed bv flash column chromatography resulted m purs ester 416. 
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Synthesis of variable ring size Compounds shown In Figure 68. Synthesized 
to the procedure as described above as shown in Figures 12*19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 

68. 

Synthesis of variable ring size Compounds shown In Figure 69. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis showny instead of 75; see conditions in the description of Figures for Fig. 
69. 

Synthesis of variable ring size Compounds shown in Figure 70. Synthesized according 
to the procedure as described above as shown in Figures 12-19 using 1015, 1016, 1033, 
1035 (synthesis shown) instead of 75; see conditions in the description of Figures for Fig. 

70. 

■ 

Synthesis of Compound 100k as shown In Figure 72. Did 414 (1 .0 equiv) was dissolved 
in CH2CI2 (0.1 M), the solution was cooled to 0 *C and EfcN (10 equiv) was added. After 
stirring for 5 min, chloro trimethylsilane (5.0 equiv) was added dropwise and the reaction 
mixture was allowed to stir at0°C for 1 h, and then at 25 *C for 11 h, after which time no 
starting alcohol was detected by TLC. Methanol (2 mL) was added at 0 oc and the solvent 
was removed under reduced pressure. Flash column chromatography provided pure 2000 
(67%).Next, methyttriprienylphosphonium bromide (1 .5 equiv) was dissolved in THF (0.2 M) 
and the solution was cooled to 0 •£ Sodium hexamethyldisilylamide (NaHMOS. 1 .4 equiv) 
was slowly added and the resulting mixture was stirred for 1 5 min before aldehyde 2000 
(1 .0 equiv) was added at the same temperature. Stirring was continued for another 0.5 h at 
25 °C and then, the reaction mixture was quenched with saturated aqueous NH4CI solution 
Ether was added and the organic phase was seoarated and washed with brine, dried 
(MgS04) and concentrated under vacuo. The crude product was purified by flash column 
chromatography to afford olefin 2001 (75%). The deprotection of compound 2001 to com- 
pound 10O0K' waa done in 99%. according to the procedures described above (using 
HF pyridinepyridineTHF mixture). 

Synthasis of Compound 2003 aa shown in Figure 73. To a stirred solution of alcohol 40 
(1 equiv) in CH2CI2 (0.1 M) at 0 *C waa added Et3N (4.0 equiv) followed by tosyl chtonde 
(2.0 equiv) and DMAP (0.1 equiv). The reaction mixture waa warmed to room temperature 
and stirred until complete as determined by TLC (1 h). Saturated ammonium chloride solu 
tion was added and the layers were separated. The aqueous phase waa extracted with 
ether and the combined organic extracts were dried. (MgS0 4 ), filtered and concentrated * 
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vacuo. Rash chromatography gave the tosylata 2002 (85%). Next, To a stirred solution of 
tosylate (1 equiv) 2002 in acetone (0.1 M) was added sodium iodide. The reaction was stir- 
red for 1 2 hours. Saturated ammonium chloride solution was added and the layers were 
separated. The aqueous phase was extracted with ether, and the combined organic ex- 
tracts were dried (MgS04), filtered and evaporated in vacuo. Rash chromatography then 
provided the iodide 2003 (85%). 

Synthesis of Compound 1000n aa Illustrated in Figure 74 To a solution of allyllc alcohol 
392 in Et 2 0 (0.1 M) was added MnOa (5.0 equiv.). The reaction was men stirred fer 3 hours 
at 25 °C. The suspension was filtered through a plug of celite to provide after flash column 
chromatography, compound 2004 as a colorless oil (85%). Next, To a stirred solution of tri- 
methyisilyt diazomethane (1 .5 equiv.) in THF (0.1 M) at -78 'C waa added rvBuU (1 .3 
equiv.). The solution was stirred at the same temperature for 1 h prior addition of aldehyde 
2004 (1 0 equiv.). Stirring was maintained for another hour at -78 °C and the solution was 
then allowed to warm stowty toO'C before being quenched with saturated aqueous sodium 
bicarbonate solution. The layers were separated and the aqueous phase extracted with 
CH202. The combined organic extracts were dried (MgS0 4 ). Altered and concentrated in 
vacuo. Rash chromatography gave the compound 2005 aa a colorless oil (75%). The de- 
protection of compound 2005 to afford 1000n was done in 91%, according to the procedure 
described vida supra (using HFpyridine in THF). 

Synthesis of Compound 100V aa Illustrated In Rgure 75. To a stirred solution of com- 
pound 2005 (1 .0 equiv.) in ethylacetate (0.1 M) at 25 *C waa added under argon. Undlar 
catalyst (0. 1 equiv.). The solution was then stirred at the same temperature under an atmo- 
sphere of hydrogen (Htf for 0.25 h or until reaction was completed. The suspension was fil- 
tered ever ceiite and the solution concentrated in vacuo. Rarfi chromatography seethe 

compound 2006 aa . colorless oil 00%). ™<^^ dcon ^^ 
2007 was done in 90%. according to the procedure described for the synthe* of did 2007 
(using HF pyridine in THF). Rnally. the oxidation waa carried out identically as thatofepo- 
B syntheais to provide 10010*). 



Syntt,^. of .port* 2006. W^w"P^- tem ^^"™^ 
torn « thai of conv«*on of compound 401 to 4f» w* M «• <* , »»*»*f m 
*„o of <♦) dlomyi-O-tomot.) compound 2000 wot obtrt-d in 78% yWd. 
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Synthesis of allylic Alcohol 2009. To a stirred solution of 2008 in a mixed solvent system 
of MeCN:ether (3:1 , 0.1 M) at 0 *C was added triphenyiphosphine (2.5 eq.) and iodine (1 .2 
eq.). After stirring at this temperature for 1 hour, the reaction was quenched with water and 
the layers were separated. The aqueous phase was extracted with ether (3 times) and the 
combined organic extracts then washed with saturated aqueous Na2S203 solution. After 
drying (MgS04), the organic solution was filtered and concentrated in vacuo. Rash chro- 
matography provided the allylic alcohol 2009. 

Synthesis of stannane 2010. To a stirred solution of allylic alcohol 2009 in THF (0.1 M) at 
RT was added solid palladium hydroxide (0.2 eq.) followed by very slow addition of BuaSnH 
(1 .5 eq.). After stirring for one hour, the solvent was removed in vacuo, and the residue fil- 
tered through silica gel to give 2010. 

Synthesis of cyclopropyi compound 201 1. To a stirred solution of stannane 2010 in 
CH2CI2 (0.1 M) at -1 5 C was added triethvtamine (4 eq.) followed by methane sulfonyl 
chloride (2 eq.). After stirring at this temperature tor 1 hour, the reaction was quenched by 
the addition of saturated aqueous sodium bicarbonate solution. The layers were separated 
and the aqueous phase extracted with CH2da (3 times). The combined organic extracts we- 
re dried, filtered and concentrated in vacuo. Rash chromatography gave the product 2011 . 

Synthesis of cyclopropane epothilone A 2012. Product 201 1 was deprotected as descri- 
bed previously for the conversion of 2001 to 1000k* using HF»pyr in THF. 
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What is claimed is: 

1 . A compound represented by the following structure (formula (I)): 

R. 



d 




0) 



whereinnis 1 to 5; either R» is -ORi and R - * Is hydrogen, or R* and R~ togejbex forma, 
further bond so that a double. bondJs present hwtween.ttte.Jwo carbon atoms carrying_R* 
and R** R^ is a radical selected from the group consisting of hydrogen or methyl, or a 
protecting group; R 2 is a radical selected from the group consisting of hydrogen, methylene 
and methyl; R 3 is a radical selected from the group consisting of hydrogen, methylene and 
methyl; R4 is a radical selected from the group consisting of hydrogen or methyl, or is a 
protecting group; R^is a radical selected from the group consisting of hydrogen, methyl, • 
CHO. -COOH. -C0 2 Me, -C0 2 (fer*.butyi), •C02(«»W)' -C02(phenyl), -C0 2 (benzyl). 
CONH(furfuryl), -C0 2 (N^en20-(2R,3S)-3i>r>enyiisoserine), -CON(methy0 2 , -CON (ethy0 2 . - 
CONH(benzyl), -CH»CH 2 . HCSO . ano^C^R, 1 ; R 1 , is a radical selected from the 

group consisting of -OH, -0-Trttyl. -O-^-Cg aikyi). -(C^-C 6 alkyO. -O-benzyi. -O-allyl. 

-0COCH3. -o-cocHaa -o^xjch^. -ococf 3 . -ococmcHj)* -0000(^3)3. 

.0-CO(cydc^pana),^CO(cyclohexane), -OC0CH»CH 2 , -O-CO-Phenyi, -0-(2-furoyl), 
-0-(/^beruo-<2B^S)^pr)eriy1isosenne), -O-tinnamoyl, -0-(acetyl-phenyl). -0-(2-tWoohene- 
sulfonyO. -S-iCt-Ge t*yO. -SH, -S-Phenyl, -S-Benryl, .S-furfuryi, -NH* -NHCOCH3, 
-NHCOCHaO. .NHCOCH2CH3. •NHCOCF3, .NHCOCH(CH3) 2 . -NHOOCCCHsfc. 
•NHCO(cyck)propaiw).-NHCO(cydohexane). -NHCOCH«CH 2 , -NHCO-Pfienyl. -NH(2-fu- 
royf). .NH.(/g^banzo.(2a3S^3-phariylisoserine), .NH.(cinnamoyi). -NH-<acetyl-phenyl) ( " 
(2-mlophenesulfwtyjL.F, -CI. I. -CHgCOaH and methyl; Rft is_absert. methylene, or 
oxygen; R 7 is hydrogens * » ™«eal selected from the group represented by the 
mulas: 
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"10 



or 



'10 




OR 



it 



wherein R» is a radical selected from the group consisting of hydrogen and methyl; R 10 • 
radical selected from the group represented by the formulas: 






7 





N 




, c O-Rx -S S— "V 









O-Rx 



\ 



*JT^ , and (In a broader 
* N 



of the invention) 



* N 



and 




wherein Rx is acvi; 
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R 12 is a radical selected from the group consisting of hydrogen, methyl or a protecting 
group, preferably fert-butyldiphenylsilyl, fert-butyldimethylsilyl, trimethylsilyl, acetyl, bei 
fert-butoxycarbonyl and a group represented by any one of the following formulae: 

S ^0 




o 

i 

r a salt thereof where a salt-forming group is present; 

mere, in the above structures, "a* can be either absent or a single bond; V can be eithe 
ingle or double bond; V can be either absent or a single bond; V can be either absent 
t single bond, and the following provisos pertain: 

a. If R2 is methylene, then R3 is methylene; 

b. if R 2 and R3 are both methylene, then ■ a ■ is a single bond; 

c. if R 2 and R 3 are selected from the group consisting of hydrogen and methyl, then 
the sinale bond • a ■ is absent; 



d. 



if n is 3. R 2 is methyl. R 3 is methyl. R5 is selected from the group cons« 
methyl and hydrogen. R S '» oxygen, R 7 is hydrogen. R 8 is represented 
formula: 




"10 



hydrogen, and Rio is reprc 

S 




e. 

f. 

9- 



then Ri and R 4 cannot both be simultaneously hydrogen or methyl or acetyl; 
if is oxygen, then V and W are both a single bond and V is a single bond; 
ifRjitrt^ihwVwdVtMil^tndVitadoubltbondj.tnd 

.. ... _ ^. .ui. Knnrf th«n flu. *cV and "d" are absent 
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2. A compound of the formula I according to claim I, wherein n, a, b, c, d, Ri, R* R* R* R«, 
R«, R 7 and R« have the meanings given in claim I, or a salt thereof where a salt-forming 
group is present, with the exception of a compound of the formula I wherein 
n is 3; 

Ri is hydrogen, methyl, acetyl, benzoyl, trialkyl silyl or benzyl; 
R t is methyl; 

R$ is methyl; 

R4 is hydrogen, methyl, acetyl, benzoyl, trialkyl silyl or benzyl; 
R s is hydrogen or methyl; 
R« is O or 

R, is absent and a is a double bond; 
R 7 is hydrogen; 



R g is a radical of the formula 




wherein 

R» is a radical selected from the group consisting of hydrogen and methyl; 
and R 10 ie a radical represented by the formula: 

3. A compound according to daim I, represented by formula II, 




00. 



OR, 



wherein n is one to five, 

R, is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R, is a radical selected from the group consisting of hydrogen, methyl or a protecting group. 
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R } is a radical selected from the /oup consisting of hydrogen, methyl, -CHO, -COOH, 
C0 2 Me, -C0 2 (fart-butyl), -C0 2 (/so-propyl), -C0 2 (phenyl), -C0 2 (benzyl), -CONH(furfuryO, - 
C0 2 (N.benzo-(2R,3S)-3-phenylisoserine). -CON(methyl) 2 , -CON(ethyl) 2 , -CONH (benzyl). - 
CH 2 R-| 1 -CH=CH 2 and HC=C- ; where R 1 1 is a radical selected from the group 

consisting of -OH, -O-Trityl, -O-^-Ca alkyO, -O-benryl, -O-allyl, -O-COCH3, -0-COCH 2 CI, 
-0-COCH 2 CH 3 , -O-COCF3, -0-COCH(CH3) 2 , -0-CO-C(CH3) 3 , -O-CO(cyclopropane),- 
OCO(cydohexane), -0-COCH=CH 2 , -O-CO-phenyl, -0-(2-furoyl), -0-(N»benzo-(2R,3S)-3- 
phenylisoserine), -O-cinnamoyl. -0-{acetyl-phenyl), -0-(2-thlophenesulfonyl), -S-fC-j-Cg 
alkyO. -SH, -S-Phenyl. -S-Benzyl. -S-furfuiyl, -NH 2 , -N 3 , -NHCOCH3, -NHCOCH 2 Ct, 
-NHCOCH2CH3, -NHCOCF3, -NHCOCH(CH3) 2 , -NHCO-C(CH3) 3 . -NHCO(cydopropane). 
-NHCO(cydohexane), -NHCOCH«CH 2 , -NHCO-phenyl, -NH(2-furoyt), -NH-(AM>enz> 
(2R.3S)-3-phenyllsoserine). -NH-(cinnamoyl). -NH-(acetyl-phenyO, -NH-(2-thippheneaut- 
fonyl). -F. -CI. I, CH2CO2H, -fa -Cs alkyl) and methyl; 
and Rio is a radical selected from the group represented by the formulae: 
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f T ; and I II wherein Rx is acyl; 

with the proviso that if Rs is either methyl or hydrogen and Rio is represented by the 
following formula:. 




then R, and ft, cannot simultaneously be hydrogen or methyl or acetyl. 

4. A compound of the formula II according to claim 3. wherein the compound has the 
formula lla 




OR, 



wherein n is 3 and R, R* R. and R,o are as defined in claim 3. or a salt thereof where s 
salt-forming group it present 

5. A compound according to daim 3 of the formula 
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wherein R,o is as defined in claim 3 and R, is -CHjF. -CHjCI, CHaOOCCH* -CHjCH, or 
CH=CH a . 

6. A compound according to claim 5 of the formula 




wherein R. is -CHjF, -CHaCI. CH,OOCCH„ -CHaCH, or -CH-CH* 
7 A compound according to claim 1 of the formula III, 




010 



wherein n preferably is one to five; ,„ 
R, ■» . r*c* *»™ »• *»P con*** * • « «~ 

R. i,a ,rfc-»l«todt-on.*. group conaWtog • 
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and -CH 2 Ri 1 ,;or in a broader aspect also from -CH=CH 2 and HC5C- ; where Ri 1 is a 

radical selected from the group consisting of -OH, -O-Trityt. -0>(Ci -Cs alkyO. -O-benzyl. -O- 
ailyt. .O-COCH3, -OCOCH 2 CI, -0-COCH 2 CH 3 , .OCOCF3, -0-COCH(CH3) 2 , 
-0-CO-C(CH3) 3 , -0^(cydooropane),-OCO(cydohexane), -OCOCH«CH 2 , 
-O-CO-phenyl. -0-(2-furoyl). -0-(/^berizo-(2R.3S)-3-phenylisoserine), -O-cinnamoyl, 
-0-(acetyl-phenyl). -0-(2-thiophenesulfonyl), -S-^-Ce alkyl), -SH. -S-Phenyl, -S-Benzyl, - 
S-furfuryl. -NH 2 , -N 3 . •NHCOCH3, -NHCOCH^, •NHCOCH 2 CH3, -NHCOCF3. 
.NHCOCH(CH3) 2 , -NHCO-CfCH^, -NHCO(cydopropane),-NHCO(cyclohexane). 
-NHCOCH*CH 2 , -NHCO-phenyl, -NH(2-furoy1), -NH-(^ben20-(2R,3S)-3-phenyiisosenne), 
.NH.(dnnamoyf), -NH.(acetyt-phenyl). .NH.(2-thioprienesu«bnyO. -F. -CI, -I. CH^^H ; and 
from -(C 1 -C 6 meth V ,: 

and R,o is a radical selected from the group represented by the formulae: 
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* N N N 



.vO . 



N 

\ 




and 




wherein Rx is acyl, 



with the proviso that if R$ is either methyl or hydrogen and R10 is represented by the 
formula: 




then Ri and R4 cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof if a saitfroming group is present 

3. A compound of formula III according to dalm 7 wherein R« is -CHtR -CHaCI, 
CHaOOCCH* -CHaCHj or -CH«CH»the double bond with the wavered line is in cis form and 
the remaining moieties are as defined in claim 7. 

9. A compound according to daim 1 of the formula IV 

\ 

(«V) 




wherein R, is a radical selected from the group consisting of hydrogen, methyl or a 
protecting group, 

R* is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R 5 is a radical selected from the group consisting of hydrogen and methyl. 
R, 0 is a radical selected from the group represented by the formulae: 
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O-RX /—"""S S"" 





N(CH,) a 





and 




wherein Rx is acyl; 



Ra is a radical selected from hydrogen and methyl; 

R, is hydrogen and methyl; and R. is hydrogen or methyl; 

with the following provisos that 

if r, and R, are hydrogen or methyl, then the single bond V is absent; and if R» is methyl 
or hydrogen and R, 0 is represented by the formula 




then Ri and R» cannot simultaneously be hydrogen or methyl or acetyl; 
or a salt thereof If a selt-troming group is present 



WO 98/25929 PCT/EP97/0T0U 

-139- 



1 0. A compound according to claim 1 of the formula V 




(V) 



wherein Ri is a radical seiected from the group consiating of hydrogen, methyl or a 
protecting group, 

R« is a radical selected from the group consisting of hydrogen, methyl or a protecting group, 
R s is a radical selected from the group consisting of hydrogen and methyl, 
R 10 is a radical selected from the group represented by the formulae: 




I 
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* N • N 




N 

\ 





Cf 



; and 




wherein Rx is acyt; 



R 3 is a radical selected from hydrogen, methylene or methyl; 

R a is hydrogen, methylene or methyl; and R» is hydrogen or methyl; 

with, the following provisos that 

if R, is methylene, then R a is methylene; if Rs and R a are methylene, then R* and R a are 
chemically bonded to each other through a single bond "a"; if Ra and R* are hydrogen or 
methyl, then the single bond "a" is absent and if R» is methyl or hydrogen and R, 0 is 
represented by the formula 

S 




then R1 and R4 cannot simultaneously be hydrogen or methyl or acetyl. 

1 1 . A macroiactonizatton procedure for synthesizing epothilone and epothilone analogs 
represented by the following structure: 

* 0 




(VT) 



wherein R, is a radical selected from the group consisting of hydrogen. memvlora 

protecting group, especially selected from the group consisting of tert-butyldimethylsayl, 

trimthytsityl. acetyl, benzoyl and tert-butoxycarbonyl. R4 is a radical 

group consisting of hydrogen, methyl or a protecting group, especially selected from th. 

group consisting of tert-butyldlmethylsilyl. trimethyteilyl. acetyl, benzoyl 

carbonvl. R« is a radical selected from the group consisting of hydiogtn. math* -CHr< 

nun „ .r^cuu or ffurther or alternatively to the preceding moieties) is -CMaP. 
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-CH=CH a or HC2C* , and R10 is a radical selected from the group represented by the 



formulae: 




;and; 




, wherein said 



synthesis is r 



by condensing a keto acid represented by the following formula: 

O R,0 O 

with an aldehyde represented by the following structure: 




H OR,, 

wherein R„ is a protecting group, for producing a carboxyllc acid with a free hydroxy! moiety 
represented by the following structure: 




the synthesis is then continued by derivatizing the free hydroxy! moiety of the above 
carooxytte add with a derivatizing agent represented by the formula fVX wherein PU-X .s a 
reactive reagert for introducing a protecting group or methyl iodide, for producing a 
protected or derivattzed carboxyllc add represented by the following structure 




0 » 
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the R* protected hydroxyl moiety of the above derivatteed carboxytic acid is then 
regioseiectively deprotected for producing a hydroxy acid with the following structure 




the above hydroxy acid is then macrolactonized for producing a macroiide with the following 



structure: 




the synthesis is then completed by epoxidizing the above macroiide for producing the 
epothilone or epothilone analog of the formula VI. 

1 2 A method of synthesis for epothilone B according to claim 1 1 . charactered in that the 
starting materials with the corresponding substituents, where required, in protected form, 
are used, and any protecting group or groups is or art removed. 

1 3. A method employing a macrolactonixatlon approach for synthesizing a compound of the 
formula X 




(X) 



O OR, O 
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4 

wherein each of Ri and R* is. independently of the other, hydrogen, methyl or a protecting 
group, Rs is a radical selected from the group consisting of hydrogen, methyl, -CHO, 
-COOH, -C0 2 Me, -C0 2 (fe/*butyl), -C0 2 (/so.propyl), -C0 2 (phenyl). -C0 2 (benzyl). 
-CONH(furfuryl). -C0 2 (W-benzo-(2R,3S)-3-phenyllsoserine), -CON(methyl) 2 . -CON (ethyl) 2 , 

•CONH(benzyl). -CH=CH 2 , HC=C- . and -CH^ 1 ; Ri 1 «s a radical selected from the 

group consisting of -OH, -O-Trityl. -O-^-Cg alkyl). -(C V C 6 alkyO, -O-benzyl, -O-aHyl, 
-O-COCH3, -0-COCK 2 CI, -0-COCH 2 CH 3 , -0-COCF 3 , •0-COCH(CH 3 ) 2 , -Q-C0-C(CH3) 3 . 
-0^0(cyctopropane),-OCO(cydohexane). -0-COCH«CH 2 , -O-CO-Phenyl, -0.(2-furoyl), 
-0-(/V-benzo-(2R,3S)-3-phenylisoserine), -O-cinnamoyl, -O-(acetyl-phenyl), -0-(2-thiophene- 
sultonyl), -S-^-Cg alleyO. -SH, -S-Phenyl, -S-Benryl, -S-furfuryl. -NH 2 . -N 3 . -NHCOCH3. 
-NHCOCH 2 a, -NHCOCH2CH 3 , -NHCOCF3, -NHCOCH(CH3) 2 . -NHCO-C(CH3)3, 
-NHCO(cyclopropane),-NHCO(cydohexane), -NHCOCH*CH 2 , -NHCO-Phenyl. -NH(2-fu- 
royl), -NH-(AM>en20-(2R,3S)-3-phenyHsoserine), -NH-{cinnamoyl). -NH-(acetyl-phenyl). -NH- 
(2-thiophenesulfonyO. -F. -CI. I. -CH 2 C0 2 H and methyl; and R, 0 is one of the radicals of the 
formulae 




•* 



wherein the synthesis is initiated by condensing a ketone of the formula 




wherein R, is hydrogen or methyl or a protecting group; with an aldehyde of the formula 




H 0R i« 

wherein R„ is a protecting group for producing a hydroxy ketone, with a free hydroxy! 
moiety and a R,. protected hydroxy! moiety, of the formula 
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0 OR, OR,, . 

the free hydroxy! moiety of this (J-hydroxy ketone is then derivatized with a derivataing 
agent R«-X wherein R4.X is a reactive agent for the introduction of a protecting group, or 
methyl iodide or methyl sulfate, for producing a protected or derivatized ^hydroxy ketone of 

the formula 




OR, OR,, 

the R„ protected hydroxyl moiety of this protected or derivatized (^hydroxy ketone is then 
regioselectiveiy deprotected for producing a terminal alcohol with the following structure: 




0 OR, OH 

this terminal alcohol is then oxidized for producing a derivatized cart»xy.ic acid 



aR 



protected hydroxyl moiety of the formula 
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this compound is then deprotected regioseiectiveiy by removal of the protecting group Ri* to 
yield a hydroxy acid of the formula: 




this hydroxy acid is then macrolactonized to yield a macrolide of the formula 




OR, O 



and the synthesis is then completed by epoxidizing the above macrolide for producing the 
epothilone compound of the formula X, or a salt thereof where salt-forming groups are 
present, any substltutents In the intermediates have the meanings given under formula X, if 
not mentioned otherwise. 

1 4. The process according to claim 1 3 for the synthesis of epothilone B characterized in 
that the starting materials with the corresponding substltuents, where required, in protected 
form, are used, and any protecting group or groups is or are removed. 

1 5. A process for synthesizing an epothilone analog, or a salt thereof, having an epoxide 
and an aromatic substitutent. wherein a first epothilone intermediate and an aromatic 
stannane are coupled by means of a Stille coupling reaction to produce a second 
epothilone intermediate, and said first epothilone intermediate is represented by the 
following structure: 
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O OR, O 



wherein R* is methyl or hydrogen, while Ri end R* are, each independently of the other, 
selected from hydrogen, methyl or a protecting group, and the aromatic stannane is a 
compound represented by one of the following structures: 
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/ 



Me,Sn 



, N 

x> ■■ 

N 



Me^Sn 




JCS 



N 



N 

\ 



Me,Sn 




and 




Rxtsacyl, 



yielding a second epothilone intermediate represented by the following structure: 




pai) 



O OR, O 

wherein R«, is a radical represented by any one of the following formulae: 







g O-Rx /— — S S"~"\ 






N(CHj)j 




« 
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O-Rx 



\ 



* N 



and (in a broader aspect of the invention) 




N 
\ 





wherein Rx is acyi, especially tower alkanoyl, such as acetyl; 



and wherein the other moieties are as defined under formula XI, 



and, in a second step of this process, the cis olefin of the second epothilone intermediate 
epoxidized to produce the epothilone analog represented by the following structure: 




(XIII) 



O OR, 0 



wherein R,, R* and R§ are as defined under formula XI, while R« is as defined under 
formula XII; and. if desired, any protecting group(s) can be removed. 
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FIGURE 3 
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FIGURE 4 





FIGURE 6 
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